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ABSTRACT 
On the basis of the work of Blazka (1958, 1960) the fish 
CaPassius caPassius (L.) has been described as a "true facultative 
anaerobe", capable of surviving 5~ months of anoxia at low 
temperatures. In this respect it is unique among vertebrates. 
However, a careful examination of Blazka's methods and results reveals 
that the general acceptance of his conclusions is quite unjustified. 
Additional work is required to establish the extent, nature and 
significance of the anaerobic resistance of c. caPassius. In this 
thesis I have determined the anaerobic resistance of a closely related 
species of fish, Ca.rassius au:t'atus (L.) under carefully defined and 
controlled experimental conditions, and I have sought the mechanisms 
responsible for its resistance. I found that: 
1. c. au:t'atus has a limited resistance to anoxia, that is to 
oxygen concentrations below 0.01 mg o2 1-
1
. Its resistance depended 
on acclimation temperature and season. The median resistance of 
c. au:t'atus at 18°C was 7 hours in February, and 34 hours in November. 
At 5°c it was 11 hours in March and 75 hours in October. While the 
anaerobic resistance of c. au:t'atus was found to be far less than that 
ii 
which Blazka (1958) claimed for c. ca.rassius, it nevertheless represents 
a very prolonged anaerobic resistance'of a vertebrate, particularly 
since it was determined under very stringent experimental conditions. 
2. At very low oxygen concentrations (0.1 - 0.2 mg o2 1-
1), 
the oxygen consumption of c. au:t'atus at 18°C was less than 1% of its 
consumption in aerated water, yet its resistance was twice that to 
anoxia (0.01 mg o2 1-
1). 
3. The oxygen in the swimbladder of c. au:t'atus at 18°C and 5°C 
does not contribute significantly to its anaerobic resistance. 
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4. The effect of anoxia on the total metabolic rate of 
c. aur>atus was assessed by determining its heat production before, 
during and after anoxia. During anoxia the metabolic rate was reduced 
by 80% at 18°C and 70% at 5°c. The metabolic rate declined rapidly in 
association with the reduction in oxygen concentration and reached 
minimum levels soon after the onset of anoxia. It remained relatively 
constant throughout 9 hours and 20 hours anoxia at 18°c and 5°c 
respectively. When oxygen was reintroduced following the period of 
anoxia, the metabolic rate returned rapidly to the pre-anoxic levels. 
The decline in the total metabolic rate of c. aur>atus during anoxia 
was partially attributed to a reduction in its physical and ventilatory 
activities. 
5. During aerobic recovery from anoxia, the oxygen consumption 
of c. auratus was significantly elevated above its pre-anoxic level 
for more than 12 hours and 16 hours at 1s0c and 5°c respectively. 
The significance of this excess oxygen consumption was discussed in 
relation to the-current standing of the concept of an oxygen debt in 
-mammals and fish. It was concluded that the demonstration of an excess 
oxygen consumption during recovery of c. auratus from a period of 
anoxia, is in itself insufficient to establish the nature of the 
anaerobic metabolism, or indeed, whether or not an oxygen debt is 
incurred or repaid. 
6. A significant increase in lactate concentration was found 
in liver tissue at 18°C, and in liver, red and white muscle tissues 
and brain at 5°C, after 8 hours and 15 hours anoxia respectively. 
The amounts which accumulated were small in relation to the length of 
the anoxic periods. 
7. The ATP concentrations, the ATP/ADP ratio and the adenylate 
energy charge of liver ·tissue declined during anoxia at both 18°C 
and 5°C. At 18°C the ATP/ADP ratio declined by 90% and the adenylate 
energy charge fell from 0.59 to 0.23 after 8 hours anoxia. At 5°c 
the ATP/ADP ratio declined by 80% and the adenylate energy charge 
fell from 0.78 to 0.43 after 15 hours anoxia. The ATP/ADP ratio and 
the adenylate energy charge of the brain was maintained during anoxia 
at 5°C. It was postulated that the reduction in metabolic rate of 
c. auratus during anoxia could occur as a passive consequence of the 
changes in the concentrations of the adenylates and in the adenylate 
energy charge in most of the tissues, or alternatively as a reflex 
response to the decline in oxygen concentration. Further work is 
required to establish the nature of the anaerobic metabolism of 
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c. auratus, the mechanisms responsible for the decline in its metabolic 
rate and the adaptations which enable the tissues to withstand a 
reduction in their energy expenditures and ATP levels for long periods. 
It was concluded that c. auratus has a limited resistance 
to anoxia, which depends upon its capacity to incur and sustain a 
substantial reduction in its total metabolic rate, and to withstand 
a reduction in the ATP concentrations and adenylate energy charge in 
most of its tissues. In this respect the mechanisms responsible for 
the anaerobic resistance of c. auratus are similar to those of other 
vertebrates, but dissimilar to the mechanisms responsible for the 
anaerobic tolerance of the "true facultative anaerobes". 
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Chapter 1. 
Introduction and Literature Review 
1.1 Introduction 
Living organisms display diverse responses to the presence of 
molecular oxygen in their environment, ranging from complete intolerance 
to obligatory dependence. Several major categories of responses can be 
distinguished which cover the entire range. 
Obligate (Strict) Anaerobes 
The obligate anaerobes cannot live in the presence of 
molecular oxygen. They lack the capacity to utilise 
molecular oxygen as a terminal electron acceptor for 
energy production. Also, their anaerobic metabolism 
is inactivated in some way by molecular oxygen, perhaps 
because they lack the enzyme superoxide dismutase. In 
aerobic and aerotolerant animals, this enzyme breaks 
down the potentially harmful superoxide free radical 
(McCord et al., 1971). 
Aerotolerant Anaerobes 
This category was introduced by McCord et al. (1971) to 
include organisms which have a strictly anaerobic mode of 
energy production, but which can survive in the presence 
of either small or large partial pressures of oxygen. 
Some individuals in this category may reduce molecular 
oxygen to a limited extent, but the reduction is not 
coupled to the synthesis of adenosine triphosphate (ATP) 
(Stanier, Doudoroff and Adelberg, 1970). 
2 
FacuZtative Anaerobes 
The facultative anaerobes are capable of active oxidative 
metabolism when oxygen is present, and can survive 
indefinitely in its absence. I have restricted this 
category by reference to an indefinite anaerobic survival. 
It includes those organisms which Hochachka (Hochachka 
and Mustafa, 1972; Hochachka, Fields and Mustafa, 1973) 
described as 11 true facultative anaerobes". The efficiency 
of their anaerobic metabolism is characteristically greater 
than that of other aerobes (Hochachka, Fields and 
Mustafa, 1973). 
Anaeroresistant Aerobes 
I have created this additional category between the 
facultative anaerobes and the obligate aerobes to contain 
those organisms such as diving vertebrates which are 
fundamentally aerobic, but which have a significant, but 
limited, anoxic resistance (defined in 2.1). The 
physiological and biochemical mechanisms which permit their 
survival are primarily those of resistance, acting to delay, 
or to reduce, the rate of the deterioration caused by the 
oxygen deficiency. Their survival depends upon their 
eventual return to aerobic conditions, to replenish 
the oxygen, energy or substrate stores depleted during 
anoxia, and to recover from other consequences of anoxia, 
such as the partial breakdown of their living systems or 
the accumulation of lactate. 
Obligate (Strict) Aerobes 
The obligate aerobes cannot survive in the absence of 
oxygen. What anaerobic resistance they do possess, is 
limited to a few minutes and is governed by the size 
of their oxygen stores and their very limited capacity 
for anaerobic metabolism. 
I have not intended, in the above descriptions, to delimit 
precisely the categories. It is clear that there are many border-Zine 
cases and it is often difficult to distinguish between resistance and 
tolerance (see 2.1). Temperature has a large effect on the anaerobic 
resistance of many animals, and consequently a particular organism may 
be resistant at one temperature, and tolerant at another. 
In the description of the categories the terms anoxia and 
anaerobiosis have been used in reference to a complete absence of 
molecular oxygen (as defined in 2.2). Organisms also show widely 
3 
different tolerances and resistances to low oxygen concentrations (hypoxia), 
but this is outside the scope of this discussion. 
Naturally occurring anoxia is often both periodic and discrete. 
Intertidal organisms, for example, may only experience anoxia at low-tide. 
Many freshwater species inhabit waters which only become anoxic at night. 
Some organisms actively avoid regions of critically low oxygen 
concentrations and possess behavioural and morphological adaptations 
which allow them to exploit any oxygen (gaseous or dissolved) which 
remains in their environment. In both instances a limited resistance to 
anoxia may be quite sufficient to permit them to survive in environments 
which are predominantly anoxic. 
Most vertebrates are either obligate or anaeroresistant aerobes. 
The limited anaerobic resistance of a wide variety of vertebrates is 
apparent from the table presented in Appendix 1. However there have been 
several reports by Coulter (1967), Mathur (1967) and Blazka (1958, 1960) 
of particular species of fish surviving anoxia for exceptionally long 
periods of time. This has led Hochachka and Somero (1973) to describe 
some species of fish as 11 true facultative anaerobes" (facultative 
anaerobes in terms of my definition of the categories). Before 
considering each of these reports in detail, I shall generally 
review the anaerobic resistance of fish. 
Some species of fish, such as SaZmo gairdneri, SaZveZinus 
fontinaZis and Perea fZuviatiZis have anaerobic resistances which are 
less than 40 min (Appendix 1). Others, such as Ameiurus meZas, 
TyphZogobius caZiforniensis and Tinca tinca, have longer resistances, 
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between 700 and 3000 min (Appendix 1). All other species of fish, apart 
from those used by Blazka (1958, 1960), Coulter (1967) and Mathur (1967), 
have anaerobic resistances which lie between these two extremes 
(Appendix 1). Temperature has a marked effect on the anaerobic 
resistance of fish, for example, s. gairdneri, Cyprinus carpio, 
P. fZuviatiZis and RutiZus rutiZus display respectively 2, 2.5, 6, and 4 
fold increases in anaerobic resistance between 20°c and 10°c (Appendix 1). 
Anaerobic resistance also depends upon the size and age of the fish. 
Newly-hatched CZupea harengus and PZeuronectes pZatessa have greater 
resistance than larval fish, and it decreases rapidly over the first few 
weeks after hatching from the egg (Appendix 1). Generally speaking 
however, mature fish show an increase in anaerobic resistance as they 
age and increase in size (Shepard, 1955; Appendix 1). 
I shall now discuss the exceptional claims that have been made 
for anaerobic resistance of fish. Coulter (1967) frequently caught 
several species of fish in Lake Tanganyika at depths where the oxygen 
-1 concentrations were less than 1 mg o2 l , and the temperatures were 
about 23°C. Two species, Chrysichthys stoppersii and Hemibates stenosoma, 
-1 
were caught on two occasions in water containing less than 0.1 mg o2 l . 
Coulter suggested that these fish were active when caught, and that they 
remained at these depths for extended periods through an ability to 
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switch to anaerobic metabolism. However, his capture methods do not 
give a reliable picture of the vertical distribution of the fish, 
particularly over an extended period of time. This information is vital 
when oxygen concentrations of 1 - 2 mg o2 1-l often occurred less than 
50 m above the region of hypoxia. Additionally, although the oxygen 
concentrations were low, they could rarely be described as anoxic. 
Therefore, the capture of the fish at these depths may represent a 
periodic excursion, supported by a limited resistance or tolerance to 
low oxygen concentrations. 
Mathur (1967) reported that Rasbora daniconius survived 
asphyxia for 81 and 102 days at temperatures between 29°C and 33°C 
(Appendix 1). Two small fish (4.8 g) were asphyxiated separately by 
sealing them in relatively large jars (2.6 1) of aerated water. Initially, 
there was about 10.4 ml of oxygen in the jars, which would have supported 
the fish for some time. This work is very limited. Further experiments, 
under carefully defined and controlled conditions are required to establish 
the anaerobic resistance of this species. 
The most important claims for extensive anaerobic survival of 
fish were made by Blazka (1958, 1960). He stated that Carassius carassius 
tolerated 11 strictly anaerobic conditions 11 for 5~ months under ice in a 
small pond during Winter 1953-1954 (Blazka, 1960). Under experimental 
conditions, c. carassius survived oxygen levels below the 11 residual 
level'' for 2 months at 5°c, and for 33 h in Autumn, and 2 - 3 h in 
early Summer at 15°c - 20°c. During anoxia c. carassius did not 
accumulate lactate or free short chain fatty acids in their muscle tissues, 
nor did they repay an oxygen debt during a subsequent recovery period 
(Blazka, 1958). Trout (saZmo trutta m. fario) on the other hand, did repay 
an oxygen debt. They did not accumulate lactate, but there was an 
increase in the amounts of free short chain fatty acids in their muscle 
tissues during hypoxia. Blazka (1958) observed that c. carassius taken 
from the pond and examined in Spring, had higher fat contents relative 
to their weights than those examined in Autumn before the pond was 
covered with ice. He concluded that the anaerobic survival of 
c. carassius was supported by the anaerobic synthesis and accumulation 
of fat (Blazka, 1958). 
6 
Blazka's findings and conclusions have been widely accepted and 
quoted as an example of prolonged anaerobic resistance of a vertebrate 
which rivals that of many invertebrates. His work has led Hochachka and 
Somero (1973) to describe c. ca:rassius as a 11 true facultati ve anaerobe". 
However a careful examination of Blazka's methods and results reveals 
that this general acceptance is quite unjustified. Additional work is 
required to establish conclusively the extent, nature and significance 
of the anaerobic resistance of C. carassius. 
The data upon which Blazka (1960) based his claims for the 
prolonged survival of C. carassius under natural conditions are 
summarized in Figure 1. This figure describes the changes in the oxygen 
concentration, hydrogen sulphide concentration, temperature, ice cover and 
depth of water in a small pond some 35 km east of Prague during Winter 
1953-1954. It is 35 m long and 12 m wide with a maximum depth of about 
2.25 m (Blazka, 1960). The two oxygen levels plotted in the figure are 
the so-ca 11 ed 11 criti cal oxygen tens i on 11 and the boundary representing the 
lower limit of dissolved oxygen and the upper limit of hydrogen sulphide. 
The estimated position of the fish throughout the resistance period is 
also marked in the figure. According to the figure, the fish remained 
at oxygen concentrations lower than the two levels mentioned for a period 
of 5~ months from the beginning of November, until the middle of April. 
However, both the oxygen concentrations and the position of the fish 
throughout this period were inadequately specified. 



Figure 1 
A reproduction of Figure 4 of Blazka (1960). It describes the conditions in a small pond during 
Winter 1953-1954. The estimated position of the c. caPassius is indicated by the vertical arrow. For 
further explanation of the figure, see the text. 
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Blazka (1958) defined "the critical oxygen tension" as "the 
lowest oxygen concentration which does not lower the animal's oxygen 
consumption", and stated that 11 ••• animals living in concentrations 
under the critical tension must obtain a part of their energy rieeds from 
anaerobic reactions". However, the critical oxygen tension is a very poor 
indicator of the lowest oxygen concentration permitting indefinite 
survival, for it is generally well above the incipierit lethal level 
(Fry and Hart, 1948; Shepard, 1955) and some fish can survive 
indefinitely at their critical oxygen tension (Shepard, 1955). 
The other oxygen level was described as the boundary between 
oxygen and hydrogen sulphide; 11 ••• their existence at the same time is 
impossible, because hydrogen sulphide reacts at once with oxygen in 
minutes or even seconds •.. 11 (Blazka, 1960). However, Blazka (1960) does 
not give either the oxygen or hydrogen sulphide concentrations. It is 
quite clear, however, that the conditions were not anoxic, for he himself 
describes an environment containing hydrogen sulphide which has between 
0.6 and 0.1 ml o2 1-l (Table 1 and Figure 2 in Blazka, 1960). These 
oxygen concentrations may be far from insignificant in supporting the 
survival of c. carassius at the pond temperature of 5°c. Other workers, 
such as Skidmore (1957), Magnuson and Karlen {1970), and Adelman and 
Smith (1972), have found oxygen and hydrogen sulphide together in low 
concentrations. There is, therefore, no justification for Blazka's 
description of the conditions in the pond in the vicinity of the 
c. carassius as "strictly anaerobic". 
It is shown in Figure 1 that there was some oxygen in the pond 
just under the ice in November, December, January and March, so that the 
position of the fish must be precisely known if it is to be asserted that 
the fish remained "strictly" anoxic throughout the entire period. 
Magnuson and Karlen {1970) and Petrosky and Magnuson (1973) have shown that 
the distribution of several species of fish under a layer of ice 
depended on the oxygen profile. At times of severe oxygen depletion, 
some species congregated in the areas of highest oxygen tensions just 
under the ice. 
Both C. carassius (Blazka, 1958, 1960) and C. auratus 
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(Lewis, 1970) display unusual responses to anoxia. Soon after the onset 
of anoxia, they sink to the bottom of the experimental chamber and 
greatly reduce their physical activity. Perhaps, therefore, these 
species would be unable to utilise the oxygen near the surface. Smith 
and Bella (1973) found that the oxygen concentrations in a shallow, 
thermally stratified lake were horizontally uniform. The oxygen 
concentrations on the bottom, at the edge of the lake were the same as 
those in open water at the same depth. Occasionally, the oxygen 
concentrations were slightly lower on the bottom when there was a high 
benthal oxygen demand. If this applies to the conditions under the ice 
(as is assumed by Blazka) the fish could be on the bottom, in very 
shallow water~ where they could make use of the oxygen available just 
under the layer of ice. The precise estimation of the position of the 
fish is therefore critical when stating what conditions the fish 
experienced. 
Blazka (1960) estimated the position of the fish after the 
Spring thaw, from the date on which he observed an increase in their 
activity, and the oxygen profile in the lake on this date. The relative 
activity of the fish was estimated from the "catch per unit effort 11 with 
20 pulls of a 1 x 1 m net. The netting was limited to areas free of 
water weeds, although he states that the fish often occurred in patches 
of weed (Blazka, 1960). An increase in the relative activity of the fish 
was observed towards the end of April, presumably because of the increased 
oxygen concentrations at the depth occupied by the fish (Figure 1). 
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At the end of April, oxygen tensions greater than the critical oxygen 
tension were present to a depth of 1.75 m below the Spring water level 
(Figure 1). The corresponding depth in autumn was about 75 cm below the 
surface (the position of the fish marked on Figure 1). Blazka (1960) 
concluded from this that the fish were at this depth, or lower, 
throughout the entire 5 month period. This method of determining the 
position of the fish is clearly inadequate, for Blazka did not actually 
observe the fish to be in this position. He calculated the position of 
the fish indirectly on the basis of several assumptions and an 
extrapolation over a 5 month period. 
Blazka's assertions for the prolonged anaerobic survival of 
c. caPassius under natural conditions, were therefore made without an 
accurate knowledge of the oxygen concentrations tolerated by the fish 
throughout the survival period. These assertions cannot be accepted 
without qualification. 
His experimentally determined resistance times were also 
obtained with ill-defined oxygen concentrations. The results presented 
in Appendix 1 were obtained with oxygen concentrations defined as being 
11 
••• lower in oxygen content than the residual tension". The residual 
oxygen tension was described as 11 ••• the concentration of oxygen in the 
water which cannot be further lowered by the animal" (Blazka, 1958). 
However, recently, considerable doubt has been expressed as to the 
validity of the concept of a residual oxygen tension (see Chapter 4). 
The residual oxygen tension obtained experimentally is very much 
dependent on the experimental conditions, and often does not represent the 
minimum oxygen concentration for the continued oxygen consumption of the 
animal (Shepard, 1955). 
Blazka (1958) also used the term "practically absolute anoxia 11 
to describe the oxygen levels he used during the period of anoxia before 
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he measured the oxygen debt repayment of c. carassius. Yet, his own 
results show that these conditions were far from anoxic, for the fish 
maintained a small oxygen consumption throughout this period (Figure 5 in 
Blazka, 1958). Here again, there is uncertainty as to what Blazka means 
by 11 anoxia 11 , which suggests that oxygen may have contributed to his 
determinations of the 11 anaerobic 11 survival of c. carassius. 
Blazka's claims that free short chain fatty acids rather than 
lactate accumulate in the muscles of trout (saimo trutta m. fario) during 
anoxia, have recently been challenged by Burton and Spehar (1971). They 
found significant amounts of lactate, but no free short chain fatty acids, 
in the muscles and liver of s. trutta, s. gairdneri and all other species 
they examined after hypoxia. They suggested that Blazka's erroneous 
results were due to an inferior method bf analysis of the free fatty 
acids, and to the small number and large inherent variation of his 
lactate determinations. Blazka (1958) measured the lactate concentrations 
of only three muscle samples before and after anoxia, and compared the 
means to reach his conclusions. 
Blazka (1958) used similar methods and sample sizes to analyse 
c. carassius muscle tissues for lactate and free fatty acids. These 
results must also be questioned, particularly his failure to demonstrate 
that lactate accumulates in the tissues of C. carassius during anoxia. 
There is therefore some doubt as to the validity of Blazka's 
claims for the anaerobic survival and metabolism of c. carassius. There 
is a need for further study before they can be accepted. 
In this thesis I have studied the anaerobic resistance of a 
closely related species, c. auratus. I have measured its resistance 
to anoxia under carefully defined and controlled experimental conditions, 
taking particular care to ensure that the conditions were truly anoxic. 
In addition, I have measured tissue lactate concentrations before and 
after a period of anoxia, and studied oxygen debt repayment and fat 
metabolism, using the better techniques now available. 
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The physiological responses of a wide variety of vertebrates 
to asphyxia or anoxia are very similar. The cardiovascular responses 
shown by diving mammals have been observed in all other vertebrates 
(Andersen, 1966). Similarly, the reduction in total metabolic rate 
of diving ducks (Pickwell, 1968) and turtles (Jackson, 1968) appears 
to be a fundamental response of vertebrates, and for that matter, 
invertebrates, to anoxia (Pickwell, 1968). In the more resistant 
species these physiological responses are more developed and contribute 
to their greater survival. An examination of the mechanisms responsible 
for the resistance of a wide variety of vertebrates may therefore provide 
an understanding of the basic requirements and potential mechanisms for 
the resistance of c. auratus. 
1.2 Mechanisms of Anaerobic Resistance in Vertebrates - A Review 
I have presented this review of the anaerobic resistance of 
vertebrates in order of increasing resistance to anoxia and asphyxia, 
beginning with the terrestrial mammals and ending with the fresh-water 
turtles which can remain submerged for months at low temperatures. 
1.2.1 Terrestrial Mammals 
The terrestrial mammals have very little resistance to asphyxia 
or anoxia. Adult rats, dogs, guinea pigs, cats and rabbits all have 
asphyxial and anoxic resistances of less than 5 min (Appendix 1). Most 
of this resistance can, at least partially, be attributed to oxygen storage 
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which allows the more sensitive tissues to continue to function 
aerobically. In the dog for example, Kerem and Elsner (1973) calculated 
that the oxygen stores would be adequate to support normal oxidative 
metabolism for 4 min, which was within one minute of the observed 
resistance time (Appendix 1). Anaerobic glycolysis, at least in the more 
sensitive tissues, does not contribute significantly to the resistance of 
the dog, since the resistance was not decreased by injecting the glycolytic 
inhibitor, iodoacetate (Kerem and Elsner, 1973). However, similar 
treatment of rats reduced their resistance from 60 s to 15 s (Samson, 
Balfour and Dahl, 1962), indicating that glycolysis does play a part in 
their resistance. These studies with glycolytic inhibitors are, however; 
inconclusive because of the possibility that they affect other reactions. 
Temperature changes markedly affect the anaerobic resistance 
of vertebrates (Samson, Balfour and Dahl, 1957; de Souza and Dabbing, 
1972). Samson, Balfour and Dahl (1957) measured the anoxic resistance 
of rats immersed in water at different temperatures and found that rats 
of all ages have greater anoxic resistance at lower temperatures. 
This difference was attributed to the temperature dependent reduction in 
metabolic rate of the brain because there was a slower rate of depletion 
of the cerebral ATP reserves at lower temperatures (Samson, Balfour and 
Dahl, 1962). 
A similar reduction in the temperature dependent metabolic rate 
occurs in mammals because hypoxia induces a reduction in body 
temperature. At temperatures below the thermoneutral zone, hypoxia 
produces a reduction in the body temperature of rats which is 
proportional to the severity of the hypoxia (Hall, 1958; Bhatti a, 
George and Rao, 1969). A similar temperature reduction occurs in dogs 
(Blatteis and Lutherer, 1973). The temperature decrease in rats 
was attributed to the progressive breakdown of the thermoregulatory 
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response (Bhattia, George and Rao, 1969) and in dogs to a decrease in 
the oxidation of free fatty acids (Blatteis and Lutherer, 1973). 
The capacity to withstand a reduction in body temperature and 
metabolic rate is partially responsible for the increased anoxic and 
asphyxial resistance of newborn mammals, relative to adults; and 
hibernating mammals, relative to non-hibernators. 
1.2.2 Newborn Mammals 
The anaerobic resistance of newborn mammals is considerably 
greater than that of adults of the same species. Newborn rats can survive 
a pure nitrogen atmosphere for 120 min at 10°c (Adolph, 1948) and 50 min 
at 24°C (Appendix 1). Adults survive 1.5 and 1 min at 10°c and 24°C 
respectively (Appendix 1). The newborn of other mammals also show 
enhanced resistance (Appendix 1). The anaerobic resistance of newborn 
rats declines rapidly with increasing age from 1 to 15 days (Appendix 1). 
The enhanced anaerobic resistance of infant mammals has been attributed to: 
1. The poikilothermia of the newborn (Fazekas, Alexander and 
Himwich, 1941; Himwich, Fazekas and Hombe~~r1943) which 
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results in them having a lower body temperature and 
consequently a reduced metabolic rate relative to that 
of adults, 
2. The lower cerebral oxygen consumption and metabolic rate of 
the infant at a given temperature (Himwich et al., 1942; 
Samson and Dahl, 1957), 
3. The ability of the newborn mammal to withstand a temperature 
independent reduction in its total energy metabolism during 
anoxia. Engel (1964) showed by direct calorimetry that 
1 - 3 day old dogs can withstand a reduction of at least 
50% in their total metabolic rate for 10 min, 
15 
4. The tissues of the newborn animal have greater glycolytic 
capacities, at least in relation to their anaerobic energy 
requirements. The excised cerebrum of newborn rats has a 
higher glycolytic capacity than that of adult rats at 
25°C (Burlington and Wiebers, 1965). Anaerobiosis produces 
a greater glycolytic energy production in a variety of other 
fetal tissues, relative to the rates for adult tissues 
(Villee and Hegerman, 1958). The dependence of newborn 
animals on glycolysis during anoxia is also indicated by 
the fact that the inhibition of glycolysis with 
iodoacetate, decreased the survival time of newborn rats 
to about 3 min (Fazehas, Alexander and Himwich, 1941; 
Himwich et al., 1941; Samson, Balfour and Dahl, 1958; 
Cohen, 1973) and also decreased the amount of lactate 
which accumulated in the brain (Cohen, 1973). On the other 
hand, the administration of glucose prior to anoxia, 
increased the anoxic survival of 8-day old rats from 16 
to 30 min, and a decrease in the supply of glucose through 
insulin hypoglycemia decreased the survival of the 
newborn (Cohen, 1973). 
1.2.3 Hibernating Mammals 
Mammals which are capable of hibernation generally have greater 
anaerobic resistance than non-hibernators. Heistand et al. (1950) showed 
that three hibernators, the hamster, the ground squirrel and the bat, had 
considerably greater resistance than three non-hibernators, the rat, the 
mouse and the guinea pig (Appendix 1). The longest survivor (the bat, 
Eptesicus fuscus) resisted an atmosphere containing only 3% oxygen for 
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more than 120 min at 19.5°C {Appendix 1). The resistance of hibernators 
varies with season. The hedgehog (Eririaceus europaeus) resists anoxia 
for 120 min during Winter hibernation, but for only 3 - 5 min when 
active during Summer {Appendix 1). Biorck, Johansson and Schmid (1956) 
attributed the latter to the fact that the metabolic rate of the 
hibernating hedgehog is only 1/20 that of the active hedgehog. 
The prolonged anaerobic resistance of hibernators has been 
attributed to: 
1. Their capacity to withstand the rapid metabolic depression 
and body cooling evoked by anoxia ( 
Heyden and Lindberg, 1970). 
2. Their cardiovascular adjustments which act to preserve 
the functioning of the brain (Burlington and Wiebers, 1966). 
3. Their enhanced cerebral glycolytic capacity at reduced 
temperatures (Burlington and Wiebers, 1967). 
Burlington and Wiebers (1966) pointed to the close similarity 
between the requirements of animals surviving hypoxia and hibernation. 
The physiological responses of the ground squirrel (CiteZZus 
tridecemlineatus) to both are very similar (Burlington and Wiebers, 1966). 
The survival of hypoxia and hibernation requires a capacity to withstand 
substanti~l reductions in body temperature and metabolic rate, while 
maintaining the energy supply to the brain and heart. The cardiovascular 
responses of hibernating mammals closely resemble those of diving mammals 
(Burlington, 1971), and involve bradycardia and extensive peripheral 
vasoconstriction. 
1.2.4 Diving Mammals 
The aquatic diving mammals have considerable asphyxial resistance. 
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The bottl enose wha 1 e (Hyperoodon rostr•atus) • for examp 1 e, has been observed 
to remain submerged under natural conditions for 120 min. and the Weddell 
seal (Leptonychotes weddeUi), for 43 min (Appendix 1). Other divers have 
less resistance (Appendix 1). Diving mammals have considerably less 
resistance to anoxia in nitrogen atmospheres than to asphyxia. The grey 
seal (Halichoerus grypus) can dive voluntarily for 15 min, but it survives 
anoxia for less than 2 min (Appendix 1). This perhaps emphasises the 
dependence of diving vertebrates on stored oxygen. 
The asphyxial resistance of diving vertebrates is linked with 
oxygen storage, and the redistribution of the blood flow to conserve the 
oxygen stored for the most sensitive tissues. The longest divers have an 
enhanced oxygen storage capacity. This is achieved through: an elevation 
of the oxygen capacity of the blood; an increased blood volume; and an 
increased myoglobin concentration in the tissues (Elsner, 1970). The 
lungs appear to be of secondary importance as an oxygen storage site 
(Kooyman, 1973). The amounts of oxygen stored, however, are insufficient 
to support the aerobic metabolism of the whole animal at its resting 
metabolic rate for the entire length of the dive (Andersen, 1966). The 
stored oxygen is conserved for the use of the heart and brain by 
reducing the heart rate and output, and undergoing extensive 
vasoconstriction of the muscle masses, the main part of the skin, the 
gastrointestinal system, the renal circulation, and the blood vessels 
supplying most of the glands (Andersen, 1966). The cardiovascular 
responses develop immediately upon submersion of the diving animal 
(Andersen, 1966), and are accompanied by a substantial reduction in the 
total metabolic rate of the whole animal (Scholander, Irving and Grinnell, 
1942; Andersent 1966). The reduction in the metabolic rate is 
perhaps a consequence of the ischemia of specific tissues which deprives 
them of oxygen and exogenous energy substrates. All their energy 
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requirements must then be met by relatively inefficient anaerobic energy 
production. Other tissues such as the brain and the heart receive an 
elevated blood supply and may continue to function at almost their normal 
aerobic metabolic rates on the stored oxygen. The resistance of the 
animal then depends on just how long the oxygen stores last, the intrinsic 
sensitivity of each organ to oxygen lack, the differential effect of 
hypoxia on the blood flow in various organs, and the relative sensitivity 
of the animal to the depression of the functions of different organs 
{Saunders, Hale and Miller, 1965). 
In most diving mammals, the dive is terminated when the blood 
oxygen tensions reach critical low levels. However, some marine mammals 
appear to be able to "stretch" their oxygen reserves and consequently 
their dives by supplying part of their brain's energy requirements through 
anaerobic glycolysis {Kerem et aZ., 1971; Kerem and Elsner, 1973; 
Simon et aZ., 1974). The Weddell seal {Elsner et aZ., 1974) and the 
harbour seal (Kerem et aZ., 1971) have enhanced cerebral tolerances to 
anoxia compared with that of non-diving vertebrates~ which has been 
partially attributed to their brain's capacity for anaerobic glycolysis 
(Simon et aZ., 1974). 
1.2.5 Sloths 
Sloths have an unusually prolonged resistance to asphyxia. 
Irving, Scholander and Grinnell (1942) showed that adult sloths survive 
more than 20 min asphyxia. This resistance was attributed to: their poor 
temperature regulation and consequent lower metabolic rate compared with 
other vertebrates, their ability to further reduce their metabolic rate 
during submergence and their capacity for anaerobic glycolysis (Irving, 
Scholander and Grinnell, 1942). Over half of the resistance occurred after 
their oxygen reserves had been exhausted. 
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1.2.6 Birds 
In general, birds are less resistant to anoxia and asphyxia 
than mammals. Their resistances are often less than one min (Appendix 1). 
However, specialised diving birds such as ducks and penguins can resist 
asphyxia for 15 and 18 min respectively (Appendix 1). 
The mechanisms responsible for the asphyxial and diving 
resistance of birds and mammals are very similar (Andersen, 1966). 
The cardiovascular responses of birds involve both bradycardia 
and extensive peripheral vasoconstriction (Pickwell, 1968; Millard, 
Johansen and Milsom, 1973; Blix, Gautvik and Refsum, 1974). Blix, Gautvik 
and Refsum (1974) proposed that the peripheral vasoconstriction of birds 
is the primary forceful element in the cardiovascular response. The 
bradycardia which develops subsequently is the secondary, derived element. 
The duration of the dives of birds are closely linked with the 
depletion of the oxygen stores. The most important storage sites are the 
lungs and air-sacs (Kooyman et al., 1973). 
There are also substantial reductions in the metabolic rate of 
diving birds. Pickwell (1968) used direct calorimetry to show that ducks 
reduce their metabolic rate during a dive by as much as 50%. 
1.2.7 Amphibia 
During Winter, some amphibia can remain submerged for several 
months. The frog (Rana pip,i.ens) normally "hibernates" for months, beneath 
objects, or in the mud, or at the bottom of ponds where the temperatures 
are about 4°c (Hutchison and Dady, 1964). At depths below the 
thermocline or in ice-covered ponds, the oxygen concentrations may decline 
to very low levels, so this represents a prolonged survival in water 
containing very little dissolved oxygen. 
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Several species of amphibia are very resistant to experimentally 
produced anoxia or asphyxia. The salamander Amphiuma means resists anoxia 
for 360 min at 22°c (Appendix 1). The asphyxial resistance of frogs is 
dependent on the temperature and season. Rana pipiens resists asphyxia 
for only 48 min at 30°c, and 60 h at s0c in Summer, but for more than 
120 hat s0c in Winter (Appendix 1). Other species have much less 
resistance even at low temperatures (Appendix 1). 
The diving resistance of many amphibians has been attributed 
to their capacity to utilise dissolved oxygen through cutaneous 
respiration (Shield and Bentley, 1973a; Leivstad, 1960; Jones, 1967; 
Hutchison and Dady, 1964), combined with their ability to withstand a 
substantial reduction in their metabolic rate during a dive. Leivstad 
(1960) measured the metabolic rate of Bufo bufo during submergence, by 
direct calorimetry, and found that it was reduced by more than 80% from 
the pre-dive level. Oxygen uptake during the dive was limited to 
cutaneous respiration. However this was apparently sufficient to support 
the reduced metabolism, because there was only a slight rise in the blood 
lactate levels (Leivstad, 1960). A wide variety of amphibia show 
similar reductions in metabolic rates during a dive, as shown by their 
reduced oxygen consumption (Jones, 1967; Shield and Bentley, 1973) and 
heat production (Jones, 1972} during submergence. 
In contrast to the higher vertebrates, amphibia have only a 
limited capacity for oxygen storage and it appears to be of minor 
importance except in the shorter dives (Jones, 1972; Leivstad, 1960). 
The cardiovascular responses of amphibia to anoxia and asphyxia 
are similar to those of other vertebrates and involve both a pronounced 
bradycardia (Jones and Shelton, 1964; Jones, 1967; Leivstad, 1960; 
Armentrout and Rose, 1971; Jones, 1973) and vasoconstriction in muscles 
and other organs (Armentrout and Rose, 1971). Amphibia differ, however, 
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in that they show a vasodilation of the cutaneous circulation which is 
linked to their cutaneous respiration (Armentrout and Rose, 1971; 
Poczopko, 1967). The bradycardia and the reduction in the metabolic rate 
develop gradually, not as reflexes to immersion (Jones, 1967) but in 
association with the depletion of the oxygen reserves. 
Although cutaneous respiration is important during submergence, 
many amphibia can resist long periods of submergence in oxygen deficient 
water, or when exposed to a pure nitrogen atmosphere, where it is 
insignificant. The reduced energy requirements during anoxia are 
apparently met by anaerobic glycolysis. During anoxia and, to a lesser 
extent, submergence, there is a marked depletion of the tissue glycogen 
reserves (Rose and Drotman, 1967; Armentrout and Rose, 1971; Jones and 
Mustafa, 1973; Christiansen and Penny, 1973; Rose, Zambernard and 
Pozany, 1965), a continuous rise in blood lactate (Armentrout and Rose, 
1971; Christiansen and Penny, 1973; Jones and Mustafa, 1973), and blood 
glucose concentrations (Armentrout and Rose, 1971; Christiansen and 
Penny, 1973). There is also a rise in the respiratory quotient (Jones, 
1972). When the glycolytic inhibitor iodoacetate is injected into 
R. pipiens, the anaerobic resistance is reduced from 120 min to 20 min, 
but it has no affect aerobically (Rose and Drotman, 1967). Once again 
however, the inhibitor may have other subsidiary effects on the survival. 
The ability of amphibians to remain submerged under ice at low 
temperatures for many months appears to be related to their cardiovascular 
adjustments, their ability to withstand a substantial reduction in their 
metabolic rate, their capacity to support their metabolism through 
cutaneous respiration and their capacity for anaerobic glycolysis in all 
tissues. 
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1.2.8 Reptiles 
The freshwater turtles have perhaps the longest asphyxial and 
anoxic resistance of any vertebrate. Their survival in certain instances 
certainly rivals that claimed by Blazka (1958) for c. carassius. 
In Winter, several species of freshwater turtles spend many months 
submerged beneath a covering of ice, below the thermocline, or buried 
in the mud at the bottom of ponds and lakes where the dissolved oxygen 
concentrations are very low for long periods (Jackson and Schmidt-Nielson, 
1966; Rotermund and Privitera, 1972). 
Belkin (1963) measured the anoxic resistance of several 
representative species of the major Reptilian families. He found that 
the turtles as a group (except the sea turtles, Cheloniidae) were 
distinctive in having resistance times of more than 270 min. The other 
families of Reptiles had minimum resistances of less than 150 min. 
The Cheloniidae appeared to be intermediate between these two groups. 
Within each family there was considerable variation in the resistance of 
different species, but the resistance was not correlated with either the 
habitat or ecology of the species. 
The lizard species studied by Belkin (1963) had mean anoxic 
resistances between 20 and 60 min at 22°c (Appendix 1). There are 
however, instances of exceptional anoxic resistance of lizards. The 
desert lizard (Holbrookia macuZata) for example survives anoxia for 
300 min at 20°c, and 1560 min at s0 c (Appendix 1); resistances which 
rival .those of the freshwater turtles. 
Snakes and crocodiles are less resistant than lizards; their 
survival times are between 30 and 100 min (Appendix 1). The maximum 
diving time of the alligator (Alligator miss-issippiensis) is 120 min 
(Appendix 1). In contrast to the turtles, the alligator is very dependent 
on its oxygen reserves while diving (Andersen, 1961). 
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The turtles have a remarkable resistance to experimental anoxia 
and asphyxia (Appendix 1). Chrysemys picta picta, for example, survives 
asphyxiation in a sealed vessel of water for 2 days at 26°C, and 118 days 
at 1.5°c (Appendix 1). This same species survives anoxia in an atmosphere 
of nitrogen for 1104 min (4 days) at 22°c (Appendix 1). A wide range 
of turtle families studied by Belkin (1963) had mean anoxic resistances 
between 400 and 1100 min, but the marine turtles survived for only 
112 min (Appendix 1). 
During their prolonged resistance to anoxia, turtles survive 
for a considerable period after the depletion of their oxygen reserves 
(Robin et aZ., 1964; Berkson, 1966; Belkin, 1968). Jackson and 
Schmidt-Nielson (1966) showed that the oxygen stores of P. scripta eZegans 
were depleted to minimum levels in the first 2 h of a 6 h dive. They 
estimated that the amount of oxygen stored in this species could support 
the normal oxidative metabolism of the turtle for 30 min or less. 
Therefore, although the oxygen reserves are conserved by reducing the 
metabolic rate, their depletion does not lead to the termination of the 
dive. Oxygen storage is only important during the shorter dives. 
Some turtles, such as the snapping turtle CheZyd:t'a (Boyer, 1963), 
the musk turtle Ster>nthaerus odoratus (Root, 1949), and the common Nile 
turtle Trionyx triunguis (Girgis, 1961), can consume significant amounts 
of dissolved oxygen through the skin and bucco-pharyngeal region during 
submergence. Other species, such as P. scripta eZegans, do not consume 
appreciable amounts of oxygen during submergence, and the asphyxial 
resistance while submerged is very similar in water saturated with 
100% N2 and 100% o2 (Jackson and Schmidt-Nielson, 1966; Belkin, 1963). 
The cardiovascular responses of reptiles to asphyxia and anoxia 
closely resemble those of other vertebrates (Andersen, 1966). During 
submergence there is a marked bradycardia in the alligator (Andersen, 1961), 
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snakes (Pough, 1973), and turtles (Belkin, 1964; Berkson, 1966; 
Jackson, 1968; White, 1969; Penny and Shemerdiah, 1973; Penny, 1974). 
The bradycardia develops gradually in forced dives (Andersen, 1961; 
Berkson, 1966; Jackson and Schmidt-Nielson, 1966; Penny and Shemerdiah, 
1973; Pough, 1973; Penny, 1974). Jackson and Schmidt-Nielson (1966) 
and Jackson (1968) reported that the diving bradycardia of 
P. scripta eZegans develops as a consequence of the depletion of the 
oxygen stores, and not as a reflex to submersion as it does in diving 
mammals. The pre-dive heart rate is maintained for the first 8 - 10 min 
of the dive, the period in which the oxygen stores are being utilised. 
The onset of the bradycardia could be further delayed when the oxygen 
stores were increased by allowing the animal to breathe pure oxygen 
before the dive. 
There is also extensive peripheral vasoconstriction in reptiles 
(Andersen, 1961, 1966; Berkson, 1966). In the alligator and turtle, 
a right to left shunt of the blood flow through the heart, produced by 
pulmonary vasoconstriction, reduced the pulmonary blood flow. 
While there is a substantial reduction in the heart rate and 
blood flow in many organs, a continuous blood circulation is nevertheless 
an essential requirement. The resistance of c. picta to stagnant anoxia, 
produced by removing the heart, was only 72 min compared with that to 
anoxic anoxia of 1104 min (Appendix 1). Similar, but relatively smaller, 
differences in resistance to stagnant and anoxic anoxia were observed in 
lizards and crocodiles (Appendix 1). The necessity for a continuous 
circulation of the blood is perhaps linked with the distribution of an 
essential substrate or the elimination of an endproduct. Clark and Miller 
(1973) found that the amount of glycogen stored in the brain of 
P. scripta eZegans was very small and did not decline during a period of 
anoxia in spite of the progressive accumulation of lactate. They 
suggested that the brain, and to a lesser extent, the heart was dependent 
on blood glucose mainly derived from hepatic glycogen. The bradycardia 
and vasoconstriction seen in reptiles then appears to function in 
conserving the glycogen reserves and in maintaining high concentrations 
of glucose in the blood supplying the brain and heart. In mammals the 
cardiovascular responses serve the dual functions of supplying both 
glucose and oxygen to the brain. Stagnant anoxia in mammals produces a 
rapid depletion of the cerebral glucose concentrations and a reduction in 
the cerebral lactate production (Cohen, 1973). In reptiles and amphibia, 
the cardiovascular responses do not seem to be associated with the 
conservation and redistribution of the oxygen reserves, since they do not 
occur as a reflex to immersion, as in many mammals, but as a consequence 
of the depletion of the oxygen stores. 
The prolonged resistance of reptiles to anoxia and submersion 
has been attributed to their capacity to incur and sustain a substantial 
reduction in their total metabolic rate (Miller and Hale, 1968; Berkson, 
1966; Andersen, 1961; Jackson and Schmidt-Nielson, 1966; Jackson, 1968). 
Jackson and Schmidt-Nielson (1966) and Jackson (1968) measured the 
metabolic rate of P. scripta elegans before and during an experimental 
dive, using direct calorimetry. The metabolic rate remained at the 
pre-dive level for the first 20 - 25 min of the dive, corresponding with 
the period of rapid consumption of the oxygen reserves. It then declined 
rapidly to about 40% of the pre-dive level. It continued to decline, 
though more gradually, throughout the anoxic period of the dive and 
reached about 15% after a further 4 h (Jackson, 1968). The metabolic 
rate reduction, like the bradycardia, is delayed when the turtles breathe 
pure oxygen before the dive (Jackson, 1968). 
The reduced energy requirements of all the turtle tissues during 
the latter part of a dive or a period of anoxia appear to be met largely 
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by classical anaerobic glycolysis (Robin et aZ., 1964; Altman and Robin, 
1969; Clark and Miller, 1973). This is indicated by the extensive 
glycogen depletion (Beall and Privitera, 1973; Clark and Miller, 1973; 
Penny and Kornecki, 1973; Penny, 1974), the accumulation of lactate in 
the tissues (Clark and Miller, 1973; Penny, 1974) and blood (Johlin and 
Moreland, 1934; f~obin et aZ., 1964; Altman and Robin, 1969; Penny, 
1974), and the elevated blood glucose concentrations (Johlin and Moreland, 
1934; Clark and Miller, 1973; Penny, 1974) observed during anoxia or 
asphyxia. Glycolytic inhibitors a)so greatly reduce the anoxic 
resistance, without affecting the aerobic survival. Iodoacetate reduced 
the asphyxial resistance of P. scripta eZegans while diving, from more 
than 420 to 60 min (Jackson, 1968). The heat production of this species 
was not affected by the iodoacetate until the oxygen stores had been 
depleted some 45 min after the start of the dive. 
Turtles also have adaptations which increase the efficiency 
of their anaerobic glycolysis throughout the resistance period. These 
include very high tissue glycogen levels (Beall and Privitera, 1973), 
enhanced glycolytic rates and mechanisms to withstand the accumulation of 
lactate (Belkin, 1963; Robin et aZ., 1964; Altman and Robin, 1969), 
and to buffer the hydrogen ion accumulation (Robin et aZ., 1964; Clark 
and Miller, 1973). 
Penny and Kornecki {1973) found many similarities in the 
activities, intracellular placement and kinetic properties of 
phosphoenolpyruvate carboxykinase, pyruvate kinase and malate 
dehydrogenase of turtle liver tissue and those of facultative anaerobes 
that produce succinate as an anaerobic endproduct. In a later study, 
Penny (1974) found that succinate was produced in the turtle liver, but 
only in small amounts relative to the lactate produced (about 3%). 
There has also been some evidence that succinate is produced in muscle 
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tissues during anaerobiosis of diving mammals (Hochachka et aZ., 1973) 
and man (Hochachka and Dressendorfer, 1973). However, further work is 
required to establish the relative importance of metabolic pathways, 
apart from classical glycolysis, in prolonging the resistance of turtles 
and other anaeroresistant aerobes. 
The work of Jackson (1968), Clark and Miller (1973) and Lai and 
Miller (1973) on P. sa~ipta eZegans provides the clearest picture of 
the mechanisms responsible for the anaerobic survival of turtles, and 
shows that the survival is an extended resistance phenomenon. 
The anaerobic metabolism of the turtle, whatever its nature, is 
clearly inefficient in meeting either of the two essential requirements for 
unlimited anaerobic survival. It is unable to maintain the energy and 
redox balance of the tissues, in spite of the 80% reduction in metabolic 
rate of the turtle (Jackson, 1968) throughout the dive. 
Clark and Miller (1973) measured the ATP and CP concentrations 
of the heart, brain and liver of P. sc~ipta eZegans before and during 
a period of anoxia and found that the levels of both declined continuously 
throughout the resistance period. At the point of death, after some 
19 h or more of anoxia, CP was completely absent in all three organs 
and mere traces of ATP were detected in the heart, but not in the other 
tissues. The point of death was taken as 5 min after the failure of the 
heart. Turtles usually recovered when returned to air after shorter, 
but not longer, periods of heart failure, in spite of the almost complete 
absence of ATP and CP in all tissues at this time. 
Lai and Miller (1973) measured the NAO I NADH ratios in 
P. sc~ipta eZe9ans over a 12 h period of anoxia in the mitochondria and 
cytoplasms of the brain and liver. In all cases the ratios declined 
continuously indicating that the anaerobic metabolism of the turtle is 
also unable to maintain the redox balance. 
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The rate of many syntheses, and other energy expending reactions 
is governed, either directly or indirectly, by the concentration of ATP. 
Saunders, Hale and Miller (1965), for example, have shown that a 40% 
reduction in the ATP concentrations in rat liver causes an almost complete 
inhibition of protein synthesis. The continuous decline in the ATP and 
CP concentrations in the brain, liver, heart, and presumably all turtle 
tissues, may be the prime cause of the continuous decline in the 
anaerobic metabolic rate of the turtle described by Jackson (1968). 
The ATP concentration within a cell is a balance between ATP production 
and expenditure. The ATP regeneration reactions are regulated directly 
or indirectly by the concentrations of ATP, and its breakdown products, 
ADP and AMP, to maintain a stable concentration of ATP relative to the 
total amount of adenylates present (Atkinson, 1968). Atkinson (1968) 
introduced the term 11 adenylate energy charge 11 to describe the relative 
amount of energy stored in the adenylate pool. It is expressed on a 
linear scale from zero to one by defining it as the sum of the ATP mole 
fraction plus half the ADP mole fraction: 
( ATP + ~DP ) 
ATP + ADP + AMP). 
In most cells under normal conditions, the energy charge remains at about 
0.85 (Atkinson, 1971). The rates of the individual reactions which 
either expend ATP equivalents or regenerate them, are of course, subject 
to other controls such as the concentrations of substrates, endproducts 
and other enzyme modifiers apart from the adenylates. It would, therefore, 
be wrong to regard the maintenance of a stable energy charge as being the 
only factor which controls the cell 1 s homeostasis and especially the rates 
of the component reactions (Atkinson, 1968). However, it does provide 
an explanation for the relationship between energy production and energy 
expenditure and a mechanism for maintaining a balance between the two. 
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The metabolic rate can be conveniently defined as the rate of 
turnover of ATP equivalents (see 2.6). Under normal circumstances, changes 
in the ATP expenditure are met by corresponding changes in the ATP 
production, increasing or decreasing the metabolic rate with only minor 
changes in the steady-state ATP levels (the adenylate energy charge). 
An increase in the energy expenditure will decrease the energy charge 
and so stimulate the ATP regeneration until expenditure and production 
are once again in balance. A decrease in the expenditure will produce 
a slight rise in the energy charge and so inhibit ATP regeneration 
(Atkinson, 1971). However, it is conceivable that under some 
circumstances very large changes in the energy charge will occur which 
will have a substantial effect on the metabolic rate. If, for example, 
the energy supply is restricted, a continued expenditure will deplete the 
ATP reserves and so reduce the energy charge. If the energy supply is 
reduced sufficiently, it will in turn reduce the expenditure. If the 
supply is reduced still further, and it is not stimulated to any 
significant extent by the reduction in the energy charge, more and more of 
the energy expending reactions will be either turned down or turined off 
aompletely, until the supply and expenditure are balanced at a lower 
adenylate energy charge, and a lower net metabolic rate. In this way, 
a reduction in the energy supply can lead to a reduction in the energy 
charge, and in turn, to a reduction in the metabolic rate. The limited 
information available regarding the turtle anaerobic metabolism indicates 
that it is less efficient in terms of the ATP yield for substrate 
expended, and that there are simultaneous reductions in the energy 
production, energy charge and metabolic rate throughout anoxia. 
Clark and Miller (1973) showed that the rate of anaerobic 
glycolysis, as measured by the rate of lactate accumulation, rose rapidly 
in all three tissues soon after the onset of anoxia. It then declined 
30 
continuously throughout the remaining 15 h of resistance. The ATP and CP 
concentrations fell continuously over the same period, so that at no stage 
was the rate of anaerobic energy production sufficient to maintain the 
tissue energy levels. The continuous decline in the rate of glycolysis 
may have been due to the accumulation of lactate itself, or to the decline 
in the intracellular pH which accompanied it (Clark and Miller, 1973). 
Although all the hepatic glycogen had been depleted at the time of death, 
the blood glucose concentrations were some six times the pre-anoxic levels 
and so it seems unlikely that the supply of substrate was limited (Clark 
and Miller, 1973). In fact, the sustained hyperglycemia and elevated 
glucose levels may have acted to maintain higher rates of glycolysis 
during the latter stages of the anaerobiosis. 
The work of Jackson (1968) would suggest that these changes 
are accompanied by, and are perhaps the cause of, the gradual decline in 
the metabolic rate of turtles during anoxia. Jackson (1968) conducted 
his study over a shorter period than Clark and Miller (1973), and 
measured the changes in the metabolic rate of the whole animal, during 
submergence, rather than anoxia. Nevertheless, a comparison can be made 
with caution. The metabolic rate of P. scripta elegans, as measured by 
the heat production, declined continuously during the anoxic part of the 
dive from 40% to 15% of the pre-dive level after 4 h, and remained low for 
a further 3 h. Assuming that similar changes in the metabolic rate 
occurred in the heart, brain and liver, these changes correspond with the 
continuous reductions in the rate of glycolysis and the fall in energy 
reserves demonstrated by Clark and Miller (1973). 
The marked decline in the ATP level, and presumably the adenylate 
energy charge, in the more sensitive tissues such as the brain and heart of 
the turtle, points to a further adaptation of turtle tissues compared 
with those of higher vertebrates. In the rat brain, for example, anoxic 
anoxia causes a rapid reduction in the ATP concentration, and in the 
adenylate energy charge, which reach minimum values after only some 
5 or 6 min (Cohen, 1973). 
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Although the mammalian brain is capable of anaerobic glycolysis, 
glycolysis by itself is unable to meet the high energy demands of the 
brain (Kerem and Elsner, 1973; Cohen, 1973). The anoxic resistance 
also varies throughout the brain. The electrical potentials of the 
cerebral grey matter disappear after only 10 - 12 s, whereas the brain 
stem maintains its potential for more than 2 min (Cohen, 1973). The 
relative resistances appear to depend on the rates of anaerobic energy 
production of different tissues (Cohen, 1973). The turtle, by 
comparison, has the capacity to delay the eventual decay of its cerebral 
energy levels by virtue of its lower cerebral energy requirements, its 
enhanced cerebral glycolytic rate, and perhaps through the switching off 
of the less essential processes at higher energy levels. 
The mammalian brain is also very sensitive to rather small 
decreases in the cerebral energy levels. It has been estimated that 
1 A.JM g-l of ATP is the "critical level for viability" of the rat brain at 
37°C, which represents a mere 50% reduction on the normal ATP concentrations 
(Samson, Balfour and Dahl, 1959). In terms of the cerebral adenylate 
energy charge, a reduction from the normal charge of about 0.8, to 0.5 and 
below, are lethal in the rat (Ridge, 1972). The fall in the ATP levels of 
the mammalian brain leads to three immediate consequences: 
1. the failure of active cation transport, 
2. the leakage of amino acids, transmitter agents and other 
constituents from the cells, and 
3. the failure of synthesis (Mcilwain, 1973). 
Some correlation has been found between the decline in the ATP and CP 
concentrations and the fall in the resting membrane potentials and the 
32 
loss of intracellular potassium ions (Cohen, 1973). For example, the 
rat electrocortical potentials were abolished when the ATP levels had 
decreased by 33% and the CP levels by 66%, compared with the pre-anoxic 
levels (Cohen, 1973). To some extent, all these effects of anoxia can be 
reversed if the animal is returned to aerobic conditions, but the 
recovery may not be complete, and extended anoxia leads to a progressive 
lack of recovery on restoring the oxygen (Mcllwain, 1973). 
Clark and Miller (1973) found mean ATP concentrations of less 
than 0.5 uM g-l ( 10% of the pre-anoxic levels) in the brain, liver and 
heart of living turtles after 15 h anoxia. This was 4, 9, and 12 h 
before the death of three individual turtles. So the turtle tissues have 
the capacity to withstand and recover from a marked and prolonged depletion 
of their energy reserves (energy charge) and the consequences of the 
decline in these reserves. This capacity, along with the turtle's ability 
to sustain a marked reduction in metabolic rate, and their capacity for 
anaerobic glycolysis, which delays the eventual decay of the energy charge 
to critical levels, enable the exceptional anaerobic resistance of the 
turtle. 
In conclusion, the fresh~Jater turtles have a very pronounced 
resistance to submergence and anoxia, which can be attributed to: their 
cardiovascular adjustments; their capacity to store limited amounts of 
oxygen, and to utilise dissolved oxygen; their capacity for anaerobic 
glycolysis; and the ability to incur, and withstand, substantial 
reductions in metabolic rate, and energy levels in sensitive tissues such 
as the heart and brain. Their survival is quite clearly a resistance 
phenomenon, for their anaerobic metabolism is limited both by the 
availability of specific substrates and the accumulation of endproducts, 
and also it is inefficient in meeting the animal's energy needs, even 
after an 80% reduction in metabolic rate. 
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1.2.9 Conclusion 
All vertebrates covered in this review have a limited resistance 
to anoxia and so belong to the anaeroresistant aerobe category of animals. 
Certain freshwater frogs and turtles survive for many months under ice in 
shallow ponds under similar environments to that described by Blazka 
(1960). The information available suggests that their survival can be 
attributed to resistance mechanisms which occur in a less developed form 
in all vertebrates. It is therefore possible that the anaerobic survival 
of C. carassius is also a resistance phenomenon, and that similar 
resistance mechanisms are responsible. The more likely potential 
mechanisms are listed below: 
1. Oxygen Storage 
Oxygen storage is particularly important in diving mammals, 
birds and some reptiles. The swimbladder of fish 
represents a potential oxygen storage site. It often 
contains a relatively high proportion of oxygen, which can 
be reabsorbed to change the volume of the swimbladder. 
Hall (1924), Safford (1940), Black (1942) and Congelton 
(1974) have shown that there is a decrease in the amount 
of oxygen in the swimbladder during a period of anoxia. I 
have therefore analysed the swimbladder gases of c. auratus 
before, and after, a period of anoxia to assess the 
importance of oxygen storage in its anaerobic survival. 
2. Cardiovascular Adjustments 
The cardiovascular responses of all vertebrates to anoxia 
are very similar. They are associated with the conservation 
of oxygen and energy substrate stores for use by sensitive 
tissues through the selective ischemia and metabolic rate 
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reduction of more tolerant tissues. I have not had time to 
examine whether similar cardiovascular changes occur in 
C. auratus during anoxia. 
3. Metabolic Rate Reduction 
All vertebrates capable of extensive anaerobic resistance 
have considerably reduced metabolic rates during anoxia. 
The more resistant species such as the frogs and the 
turtles can withstand a 80% reduction in their metabolic 
rate for more than 15 h. Similarly, the resistance of 
many vertebrates is much greater at lower temperatures, 
apparently because of the reduction in their temperature 
dependent metabolic rate. Blazka (1958) and Lewis (1970) 
both commented in the unusual behavioural response of 
C. carassius and C. auratus, respectively, to anoxia. 
Both species showed a marked reduction in activity and a 
tendency to sink to the bottom of the container soon after 
the onset of anoxia. Most other species of fish become very 
active and struggle vigorously at the surface (Lewis, 1970). 
There is thus some evidence that Carassius reduces the 
physical activity component of its metabolic rate during 
anoxia. I have measured both the physical activity and 
ventilation of c. auratus before, and after, anoxia, since 
these activities can represent a large proportion of the 
total metabolic energy requirements of the fish. Any 
reduction in them, compared with the aerobic activities, 
presumably represents a reduction in the total metabolic 
rate. I have also attempted to assess directly the changes 
that occur in the total metabolic rate during and after a 
period of anoxia by measuring the metabolic heat production. 
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It is important to consider the metabolic rate of an animal, 
and the role it plays in the resistance to anoxia, in its correct context. 
The changes in the metabolic rate should not be regarded as a primary 
response to anoxia, but as a secondary response to the physiological and 
biochemical changes produced by anoxia. An animal may reduce its energy 
requirements through its behavioural or endocrinal responses to anoxia, 
but perhaps the major component appears to be the consequence of the 
cardiovascular changes (Andersen, 1966) and lower efficiency of the 
anaerobic energy production pathways (Hochachka, Fields and Mustafa, 
1973). It is perhaps, a question of the limitation of energy supply 
restricting the energy expenditure. For this reason, the survival of an 
animal need not necessarily be related to its metabolic rate, especially 
its aerobic metabolic rate, but to the energy supply, and the animal's 
resistance to the reduction in the energy supply. Animals with similar 
standard metabolic rates, for example, need not necessarily have similar 
anaerobic resistances. Turtles as a group have similar aerobic energy 
requirements to crocodiles, lizards and snakes, yet the former have 
vastly different anaerobic resistances. Similarly, P. saripta 
has a higher standard metabolic rate than Terrapene ornata (Gatten, 1974), 
yet P. saripta also has a higher resistance to anoxia {Appendix 1). 
So care is necessary when estimating the resistance of different species 
of fish on the basis of their metabolic rate. 
Similar comments apply to the contribution of the decrease in 
temperature dependent metabolic rate, to the increased resistance of 
animals at low temperature. Temperature changes affect the general 
metabolism of animals, involving changes in the relative rates of various 
pathways and reactions. Such changes may affect the energy supply 
pathways as well as changing the total metabolic rate. It does not matter 
how far the metabolic rate is reduced if the minimal requirements for the 
survival of the animal cannot be met. 
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4. Energy Charge 
The measurement of the tissue ATP concentrations, 
particularly when expressed as an adenylate energy charge, 
provides valuable insights into the mechanisms of 
anaerobic survival. When linked with the determination of 
the metabolic rate, it provides key information for 
categorising the survival. The turtles, which show such 
prolonged anoxic survival, are unable to maintain the ATP 
levels of the brain and heart during anoxia, even when their 
metabolic rate was so much reduced. This clearly shows 
their survival to be merely a prolonged resistance, limited 
by their lack of an energetically efficient anaerobic 
metabolism, so characteristic of the facultative anaerobes. 
The anaerobic metabolism of facultative anaerobes yields 
four times the ATP per glucose molecule compared with 
classical glycolysis (Hochachka, Fields and Mustafa, 1973). 
This allows them to maintain their ATP levels at up to 
60% of those found during aerobiosis (Zs-Nagy and Ermini, 
1972; Hochachka, Fields and Mustafa, 1973). I have 
therefore measured the adenylate energy charge of the 
tissues of c. a:u::t'atus before, and after, a period of anoxia. 
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Chapter 2. 
Definitions and Concepts 
2.1 Incipient Lethal Level, Resistance and Tolerance 
The survival of an animal in a toxic environment can be 
described as either resistance or tolerance depending on the extent of 
the survival. In a series of environments in which the level of a 
particular component varies, the incipient lethal level represents the 
boundary between the resistance of an animal to lethal levels of the 
component, and the tolerance to sublethal levels. The incipient lethal 
level is usually defined in terms of the incipient LC50, that is, the 
concentration which kills 50% of the individuals in a long exposure. 
However, there has been some dispute about the precise details of the 
definition, particularly regarding the time of exposure and the mode of 
action of the lethal factor. Fry (1971) proposed that 11 the incipient 
lethal level should be looked on as the boundary of the immediate direct 
lethal effects, immediate being taken as a matter of days or weeks, and 
direct as the operation of the identity directly on a site of metabolism 
so as to destroy it more rapidly than the organism can keep it in repair". 
Sprague (1969) defined the term lethal as "causing death, or sufficient 
to cause it, by direct action". So he also included the concept of a 
specific mode of action in his definition of the incipient lethal level. 
Sublethal levels of a toxicant may affect the animal's grmvth, performance, 
respiration, disease resistance, behaviour, reproduction or development 
(Sprague, 1971). These effects may indirectly kill the animal. If, for 
example, a disease is present in the environment or there is a shortage 
of food, the animal may die if the level of the toxicant is sufficient 
38 
to affect the animal 1 s ability to capture its food or to resist the 
disease, but the death can only be indirectly attributed to the toxicant. 
When food is abundant and the disease absent, the animal may be tolerant 
to the sublethal levels of the toxicant. The definition of the incipient 
lethal level should therefore specify the mode of action of the toxicant. 
The major dispute about the definition of the incipient lethal 
level concerns the exposure time. Fry (1971) initially speaks of the 
incipient lethal level as 11 that level of the identity concerned beyond 
which the organism can no longer live for an indefinite period of time 11 , 
but later in the same paper he restricts his definition to the 11 immediate 
lethal effects 11 to enable its practical measurement. Sprague (1971) 
defined the incipient lethal level as 11 that level of the environmental 
entity beyond which 50% of the population cannot live for an indefinite 
time 11 • However he also restricted the exposure time by describing the 
incipient lethal level as the 11 concentration at which acute toxicity ceases 11 
and by stating that 11 concerning acute toxicity to fish, there seems 
to be a working concensus that it generally occurs within the first 
100 h of exposure. 11 The issue is further confused by his statement that 
11 chronic toxicity may be lethal or sublethal. 11 His restriction of the 
definition to the acute effects of the toxicant would also appear to be 
made for the purpose of obtaining a practical definition. In this thesis 
I am not concerned with the actual measurement of the incipient lethal 
level, but rather with the distinction between resistance and tolerance, 
and so I have waived the practical considerations in order to avoid 
confusion. For my purposes it is important that the definition of the 
incipient lethal level involves all the directly lethal effects, whether 
they can be described as being chronic or acute. Similarly, the relevant 
time period is the animal 1 s normal life span, and not some more or less 
arbitrarily chosen exposure time. In general it is perhaps better to 
accept some impracticality in definitions so that the practical 
measurements always remain estimates and are expressed as such. The 
terms 48-hour Leso or 96-hoUP LCSO convey more information vlithout 
qualifications than incipient LCSO. 
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I therefore define the incipient lethal level as that level of 
a toxicant, or envir•onmental component, beyond which 50% of the animals 
in a population are directly killed within their normal life span. 
Tolerance then refers to the potential ability of animals to 
survive a certain environment for their normal life span. A description 
of the tolerance of fish to low oxygen concentrations involves the 
determination of the minimum oxygen concentration which permits fish to 
survive indefinitely. 
Resistance on the other hand refers to the ability of animals 
to survive in an environment which will eventually kill them. The 
description of the resistance of fish to low oxygen concentrations 
involves measuring the survival times of fish dying directly from 
oxygen deficiency. 
These terms refer to the survival of the whole animal. The 
death of an animal can quite often be attributed to the limited resistance 
of a particular organ or tissue, so that the resistance or tolerance of 
the remaining tissues is indeterminate. I shall use the more general 
term tolerance when describing the ability of an animal or a specific 
tissue to survive a period of time when its ultimate fate in the 
environment is unknown, or when the death of the animal cannot be 
directly attributed to the failure of this specific tissue. 
In this study I have followed Shepard (1955) in referring to 
anoxia as a lethal factor, and in using the terms incipient lethal level, 
resistance and tolerance when referring to oxygen concentrations. 
I have not followed Fry (1971) who asserted that oxygen deficiency 
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is not a pure lethal factor and that the use of these terms is therefore 
invalid. 
11 The causes of environmental death can ... be divided 
immediately into two fundamental categories by observing 
the rate of dying in relation to the metabolic rate of 
the organism. The rate of dying at a lethal temperature, 
for example, is signally independent of the metabolic rate 
while in lethal oxygen the metabolic rate is almost 
paramount. The former case where the lethal effect is 
independent of the metabolic rate is pure lethal 
factor .... If there is no relation of the lethal effect 
to the metabolic rate, then the division of the effects 
into zones of resistance and tolerance ... is meaningful. 11 
(Fry, 1971). 
This definition of a lethal factor is unfortunate because there 
have been very few studies in which the relationship between the 
metabolic rate and the survival time has been examined. It is 
conceivable that the metabolic rate will affect the rate of dying in many 
circumstances, for active processes are involved in the uptake and 
removal of a toxicant from its site of action and in the repair and 
compensatory mechanisms stimulated to overcome, or offset, the damage 
caused by the toxicant. In addition, the lethal effects of many 
toxicants appear to be mediated through tissue hypoxia, or an inhibition 
of oxidative phosphorylation. For example, the death of trout Salmo 
gairdneri from acute zinc toxicity is related to tissue hypoxia (Skidmore, 
1970; Burton, Jones and Cairns, 1972). 
Lethal temperature changes are used by Fry as examples of pure 
lethal factors. Yet there is some evidence to suggest that the resistance 
of fish to lethal temperature changes is affected by the availability and 
supply of oxygen to the tissues. Weatherly (1970, 1973) showed that the 
resistance of c. auratus to a lethal temperature change depended on the 
availability of molecular oxygen. When the water used was supersaturated 
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with oxygen the resistance increased, presumably because the fish 
consumed more oxygen in the resistance period. It is possible therefore 
that the so-called metabolic independence of the lethal temperature 
change arises from a limitation in the amount of oxygen that can be 
supplied to the tissues rather than from a mode of action which is 
independent of the metabolic rate. 
I have therefore followed Shepard's useage of the terms 
incipient lethal ZeveZ, resistance and tolerance in reference to oxygen 
concentrations. 
2.2 Anaerobiosis and Anoxia 
I have used the terms anaerobiosis and anoxia synonymously 
throughout this work to refer to an environment which is completely 
deficient in molecular oxygen, or to an environment in which the animal's 
oxygen consumption is zero. The terms have therefore been used in their 
strictest sense of a complete lack of oxygen (Van Liere, 1942). I have 
used the term hypoxia when referring to an environmental oxygen 
concentration between zero and saturation. In practice it is impossible 
to remove completely all the dissolved oxygen. Anoxia and anaerobiosis 
therefore refer to situations where the experimental dissolved oxygen 
concentrations were less than 0.01 mg o2 1-
1
• At this concentration 
the oxygen consumption of c. auratus is insignificant (Chapter 4). 
I usually measured the oxygen concentration during each experimental 
anoxia and gave its value with the results. 
I have carefully distinguished between anoxia and asphyxia. 
The term asphyxia has been used when the oxygen deficiency is produced 
under conditions which also increase the carbon dioxide tension in the 
environment, blood or tissue (Van Liere, 1942). Asphyxiation occurs in 
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diving birds and mammals which gradually deplete their oxygen stores, in 
aquatic organisms that inhabit the water beneath the thermocline or a 
layer of ice when the available oxygen is gradually depleted by bacteria 
and other organisms, and in experimental situations when animals are 
confined to restricted volumes of air or air-saturated water. 
It is important to realise that placing an animal into an 
anoxic environment does not necessarily imply that the animal and all its 
tissues are anoxic. Molecular oxygen ma,y be stored in the tissues and 
blood and gradually consumed during a period of environmental anoxia. 
On the other hand, an animal or one of its tissues may be anoxic in an 
aerobic environment because of the failure of the oxygen uptake or supply 
systems, and the gradual depletion of the oxygen reserves. Hughes (1973) 
introduced the concept of a respiratory chain for the transfer of oxygen 
from the environment to the mitochondrial membranes and other sites of 
direct oxygen reduction in the cells of fish. During the transfer there 
is a series of step reductions in the oxygen tension at a sequence of 
resistances. These resistances represent the amount and distribution 
of the blood and water flow through the gills, the diffusion of oxygen 
across the gill membranes, the diffusion into the red blood cells and the 
reaction with haemoglobin, and the diffusion into the tissue water, into 
the cell, and finally into the mitochondria. Cellular hypoxia or anoxia 
can arise if any one of these resistances is increased without an 
appropriate compensation. On this basis he described several different 
types of hypoxia which arise through: a reduction in the oxygen tension 
of the inspired water; a malfunction in gill ventilation; an interference 
with the diffusion of oxygen across the gills; a malfunction in the 
circulatory system; an inhibition of the oxidative enzyme system or an 
excessive demand for oxygen. Van Liere (1942) also recognised the 
different origins of anoxia and he defined the following different types: 
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anoxic anoxia, due to a shortage of oxygen in the environment; anaemic 
anoxia, due to a shortage of functional haemoglobin; stagnant anoxia, 
due to a restriction in the supply of oxygen to the tissues; and 
histotoxic anoxia, which is a cellular oxygen deficiency due to the 
inability of the cells to utilise the oxygen supplied to them. In terms 
of the definitions of Hughes (1973) and Van Liere (1942) I have used the 
term anoxia in reference to an environmental anoxia or an anoxic anoxia. 
2.3 Death 
Later in this Chapter the concept of death is discussed in 
relation to the energy metabolism and structural organisation of living 
things. Death from anoxia is said to occur when the breakdown of the 
structural organisation of a sensitive vital tissue reaches an 
irreversible level. In practice, death was assumed when all respiratory 
and other movements ceased, even in response to an external stimulus such 
as tapping on the side of the container. Occasionally, fish which had 
been pronounced dead recovered in oxygenated water, but no regular checks 
of recovery were made. Shepard (1955) defined the death of Salvelinus 
fontinalis from anoxi a, solely in terms of the cessation of a 11 
respiratory movements. This was unreliable for c. al.Ll'atus because its 
respiration during anoxia often stopped completely for several minutes 
and then recommenced. 
2.4 Acclimation 
Acclimation refers to the experimental maintenance of fish under 
a certain set of environmental conditions for a defined period of time 
(Fry, 1971). I routinely acclimated c. auratus to 5°C and 18°C for at 
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least three weeks before use and to the experimental chambers for a 
further 24 h before reducing the oxygen concentration. A photoperiod 
of 12 h was maintained during the temperature acclimation and during the 
experiments. The use of a constant photoperiod of 12 h was dictated by 
the facilities and equipment available. Subsequent experiments have 
shown that this procedure was inadequate in eliminating the seasonal 
difference in anaerobic resistance. 
2.5 Metabolism 
The term metabolism refers to all the biochemical processes 
constantly occurring in a living organism, including both degradative and 
synthetic pathways. Metabolism can be viewed as a flow of matter, or 
energy. 
2.6 Energy Metabolism 
Before defining the terms energy metabolism and metabolic rate 
I shall briefly discuss the nature of life processes and some recent 
developments in the concept, and measurement, of the metabolic rate of an 
organism. 
Modern thermodynamic considerations have led to a greater 
understanding of the nature of life processes. The organisation 
characteristic of living things represents a non-equilibrium system of 
low entropy, which constantly tends towards equilibrium and is maintained 
by a continuous flow of energy (Morowitz, 1968). 
"An isolated organism will be subject to a series of 
processes tending toward equilibrium. In statistical 
terms, it wi 11 tend to move from the very improbable 
state that it is in to one of the very probable states 
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associated with the equilibrium ensemble. In order to 
prevent this drift towards equilibrium, it is constantly 
necessary to perform work to move the system back into 
the improbable state that it is drifting out of. An 
isolated system, however, cannot do steady work. The 
necessary condition for this is that the system be 
connected with a source and a sink and the work be 
associated with a flow of energy from source to sink. 
This flow will be an exentropic process in terms of the 
external world, i.e., the source and sink. When 
Schrodinger (1945) says that the organism feeds on 
negentropy, he means that its existance depends upon 
increasing the entropy of the rest of the universe. 11 
(Morowitz, 1968). 
This concept of life being sustained by a flow of energy 
provides the basis upon which to define the metabolic rate and energy 
metabolism of the organism and to understand the processes involved in 
its resistance to a lethal factor. 
The energy metabolism of an organism is the metabolism involved 
in the flow of energy through the organism, and in the transformation of 
energy from one form to another. It consists of those reactions involved 
in ener•gy production, involving ingestion and the conversion of the energy 
input into a useable form, and the subsequent energy expenditure for 
maintenance, for physical and other activities, and for storage and 
growth. In heterotrophs the energy input consists of the energy stored in 
the bonds of complex organic molecules. 
The study of the energy metabolism is usually approached in 
terms of the net conservation of energy in its flow through living 
systems. The potential energy of the ingested food is subsequently 
accounted for as energy retained in the body constituents, energy lost in 
the faeces and urine, energy expended and energy liberated as heat. The 
entire analysis is usually performed in terms of heat energy. Blaxter 
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(1971) discussed this approach by using the following equation: 
R = I - ( F + U + G + H ) 
Each of the terms in this equation is a rate term, expressed as a rate 
of retention, or loss, of heat energy. R is the energy retained as new 
material in storage and growth, expressed as the heat of combustion of 
this new material. I, F and U are respectively, the heats of 
combustion, of the ingested food, of the faeces and of the urine. G is 
the heat of combustion of the gaseous products such as methane and is 
applicable mainly to ruminants. H is the energy expended by the animal 
and lost as heat. 
Storage and growth only occur when the energy intake is in 
excess of the maintenance requirements (Paloheimo and Dickie, 1966; 
Schiemann, 1969). 
In many studies conducted over short periods of time the 
entire energy metabolism is assessed on the basis of the measured heat 
production. It is assumed that the above relationship remains stable 
over a short period and that changes in the heat production reflect a 
similar relative change in the rate of energy retention. 
The rate of heat production is usually regarded as a measure 
of the metabolic rate of the animal in terms of the total metabolic 
expenditure. Energy is used to maintain and replace the body 
constituents, to support activity, to synthesise storage materials and 
to synthesise new materials for growth, milk production and reproduction. 
Each of the component energy transformations is inefficient and releases 
heat as a by-product. In this way the animal 1 s heat production is 
related to its energy expenditure. The heat production is measured by 
either direct or indirect calorimetry. The former involves the 
measurement of the actual heat produced and the latter the measurement of 
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the oxygen consumed and carbon dioxide produced. The heats of combustion 
of organic materials containing carbon, hydrogen and oxygen can be 
approximated by multiplying the oxygen consumed (in litres) by 3.866 
and the carbon dioxide produced (in litres) by 1.200 and adding the two 
products to give an estimate of the heat produced (in kilocalories) 
(Brett, 1962). If the respiratory quotient (the ratio of the carbon 
dioxide produced to the oxygen consumed) is known, or can be estimated 
from a knowledge of the type of nutrients being utilised, the rate of 
heat production can be calculated from the oxygen consumption measurement 
(Brett, 1962). 
Energy metabolism has therefore been studied in terms of heat 
energy. The energy potential of the food ingested, the waste products 
eliminated, and the new material formed is assessed from their 
respective heats of combustion. The metabolic rate is assessed from the 
amount of heat produced by the animal as a by-product of all the energy 
transformations essential for the maintenance of the animal 1 s 
organisation and activities. 
Recently however, Hill (1971) has questioned the validity of 
this classical approach to the study of energy metabolism and has 
suggested a new approach. 
11 The classical concepts of whole-animal energetics are 
being exposed to scrutiny and challenge. The conventional 
calorie counting, basing the equivalence of the major 
energy-yielding nutrients on their heats of combustion 
corrected for fecal and urinary losses, has been 
recognised to be physiologically inaccurate for some 
nutrients and dietary combinations; basing physiological 
energy values of nutrients and metabolites on ATP yields 
and associated metabolic costs offers a potentially more 
functional frame of reference for both relative and 
absolute measurements. The usually accepted assumption 
that the measurable components of energy expenditure 
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(basal metabolism, activity, heat increment, maintenance, 
growth and production) are additive has also been 
questioned. The analysis of function in terms of costs 
of storage, retrieval, and turnover; the energy 
conversions in synthesis and work; and the consequences 
of dietary imbalance or metabolic insufficiency, all 
appear to be approachable on the basis of the energetics 
of known unit reactions, sequences, and processes. 11 
The challenge to the earlier concepts came when the growth and 
fat production of animals fed specific nutrients were compared. 
Paloheimo and Dickie (1966) found that the growth efficiency of fish was 
affected by the type of food eaten. Schiemann (1969) and Chudy and 
Schiemann (1967) using rats, and Blaxter (1971) using sheep, cattle and 
ruminants, found that different nutrients replace each other, not in 
proportion to their enthalpies of combustion, or standard free energies 
of combustion, but to the extent that they provide free energy in the 
form of ATP or ATP equivalents. 
Energy can only be transferred from one reaction to another by 
a chemical compound common to both reactions. That is, before the 
energy made available from the energy producing reactions can be 
utilised in energy requiring reactions, it must be transformed into a 
useable form common to both reactions. The coupling compound is usually 
ATP (Blaxter, 1971; Ingraham and Pardee, 1967) which represents the 
''energy currency of the cell 11 (Hochachka and Somero, 1973). Some 
synthetic reactions are linked to the oxidation of reduced intermediates 
such as NADH rather than to the breakdown of ATP. This can, however, be 
expressed as a requirement for ATP equivalents because ATP production is 
also linked with the oxidation of these intermediates. It is generally 
assumed that oxidative phosphorylation results in the formation of three 
moles of ATP for each mole of NADH oxidised, and two moles for each mole 
of FADH2 oxidised (Blaxter, 1971). 
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Using the present knowledge of the degradation of the major 
components of the diet, Blaxter (1971) has calculated the theoretical 
yield of ATP equivalents from different substrates and has expressed the 
results as the amount of heat produced (in kilocalories) for each mole 
of ATP equivalent produced. 
Nutrient kcal / mole ATP 
Glucose 17.7 
Tristearin 18.1 
Stearic acid 18.6 
Casein 22.7 
Egg albumin 22.9 
Acetic acid 20.9 
Propionic acid 20.4 
n-Butyric acid 20.1 
(From Blaxter, 1971) 
Shiemann (1969) and Blaxter (1971) have shown in experiments with rats 
and a variety of other animals, that different foods replace each other 
in close agreement with the calculated efficiencies presented above. 
When the energy flow is expressed in the form of a production 
and expenditure of ATP equivalents, the true meaning of a heat production 
measurement can be seen. The above theoretical analysis predicts that 
animals on different specific diets, say glucose and stearic acid, which 
have similar energy requirements (as ATP equivalents), will produce 
different amounts of heat during the production of this energy. Heat is 
produced during assimilation as a by-product of the transformation of the 
free energy released into a useable form. As such, it represents the 
inefficiency of the transformation. It is the free energy released during 
assimilation that is not in a form that can be utilised by the animal. 
50 
According to the second law of thermodynamics, 11 the liberation of heat is 
a necessary accompaniment of any transformation of energy of whatever 
sort, even when carried out at maximum efficiency, so that all the varied 
transformations of energy accompanying metabolism are also accompanied 
by the liberation of heat. The more inefficient these processes are 
carried out, in a thermodynamic sense, the more heat appears as a 
byproduct 11 (Davson, 1951). There is also a requirement for the removal 
of the heat produced to an energy sink (Morowitz, 1968). 
The calculated efficiencies given above are of course 
theoretical. The actual efficiencies of the various energy 
transformations will depend on the physiological state of the animal, 
for this will govern the net efficiency of the energy (ATP) production 
processes. Environmental anoxia changes the physiological state of many 
animals by altering the intracellular pH and ion concentrations, and the 
concentrations of many intermediates. These changes may in turn affect 
the efficiency of ATP production not only because different pathways are 
involved but because they may affect the net efficiency of the pathways 
themselves. The efficiency will also be affected by any increase in the 
net metabolic expenditure associated with the use of a particular 
nutrient. The use of protein as an energy source, for example, entails 
an additional energy cost to eliminate the nitrogen produced. The 
synthesis of urea requires an additional energy expenditure and so 
reduces the efficiency of the energy production (Blaxter, 1971). Blaxter 
{1971) also found that animals utilising acetic and butyric acids as 
energy sources had lower than expected efficiencies of energy production. 
They attributed this to the increased costs associated with the acidosis 
and ketosis that developed, and to the increased excretion of urinary 
nitrogen. 
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Mulligan (1971) has also pointed out that the above calculated 
efficiencies, although providing reasonable correlation with the 
experimental data, strictly apply only to the direct degradation of the 
nutrients. Animals are periodic eaters and continuous metabolisers 
(Baldwin, 1968), so that it is necessary that a considerable portion of 
the dietary metabolites be stored prior to utilisation. If storage 
occurs, then the net value of a metabolite as an energy source will have 
to be reduced accordingly (Mulligan, 1971). 
So far I have only dealt with the processes of energy production. 
As mentioned previously, the energy requiring reactions of maintenance and 
synthesis are linked to ATP breakdown. Each of the component expenditure 
reactions will have a specific efficiency of energy transformation, and 
so will contribute to the total amount of heat produced by an animal. 
The efficiency of ATP utilisation for muscle contraction is about 25%, 
and for nerve conduction about 10% (Ingraham and Pardee, 1967). Once 
again, the efficiency of these processes is not fixed but is dependent on 
the physiological state and environment of the animal. A change in the 
efficiency will lead to a variation in the ATP expended and in the heat 
produced when performing the same amount of work. 
2.7 Metabolic Rate 
The above discussion provides the basis for a definition of 
metabolic rate. In this thesis metabolic rate is defined as the rate of 
turnover of ATP equivalents. Now, the cell's energy regulation 
mechanisms act to maintain a fairly constant level of ATP relative to the 
other adenylates, expressed as an adenylate energy charge (Atkinson, 
1971). Therefore, in most cases, the turnover of ATP can be estimated 
either as a rate of ATP production or utilisation. Even when the energy 
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charge changes, there is only a small difference between ATP production 
and utilisation, for the amounts of ATP stored are small in relation to 
the turnover of ATP. 
This definition is impractical in application, but its use 
emphasises the assumptions involved in any practical measurement of 
metabolic rate. It expresses in a fundamental way the need for living 
things to maintain a continuous flow of energy, but stresses that for an 
organism to make use of an energy input it must transform it into a 
useable form. 
In terms of the above definition, the heat production is 
related to the metabolic rate through the net efficiency of all the 
reactions contributing to the ATP production and utilisation. So that, 
to determine correctly the changes in the metabolic rate that occur during 
anoxia or some other environmental change, by directly or indirectly 
measuring the rate of heat production, the possibility of a change in the 
efficiency of the ATP production and utilisation must be considered. 
Until now, 11 the metabolic rate of fish has almost universally been 
measured by determining oxygen consumption 11 (Fry, 1971). Unfortunately, 
the assumptions involved in regarding an oxygen consumption as a measure 
of the metabolic rate are seldom discussed. At best, an oxygen 
consumption measurement provides an indirect assessment of the heat 
production. This assessment will be accurate only if the carbon dioxide 
production is measured simultaneously, or the R.Q. is known, or can be 
accurately estimated, and there is no significant contribution of 
anaerobic metabolism to the metabolic rate. In this thesis, I have made 
a clear distinction between the metabolic rate and the parameters used 
to estimate it, and have discussed the assumptions involved in the 
estimation. 
Metabolic rates of fish are dependent on a wide range of 
environmental factors, such as oxygen, carbon dioxide, ammonia and 
hydrogen ion concentrations, temperature and salinity (Brett, 1962). 
The size, nutritional state and acclimation temperature of the fish, 
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and the season in which the measurement is made can also affect the 
metabolic rate (Brett, 1962). I have therefore always given the details 
of the experimental conditions, the weight of the fish, the acclimation 
temperature, and date of the experiment when presenting the results of a 
measurement of metabolic rate. The following general conditions were 
observed when measuring the metabolic rate: 
1. The fish were always tested at their acclimation 
temperature, 
2. The measurements were made in one of two types of 
apparatus described in Chapter 3. The fish were 
always placed in either apparatus at least 24 h 
before any measurements were taken, 
3. The fish were starved for about 48 h before placing them 
into the apparatus, and were not fed during the 
experiment. The fish were therefore in the 
post-absorptive state (Brett, 1962). 
The metabolic rate of fish is also dependent on their physical 
activity. Three different metabolic rates have been defined in relation 
to the amount of physical activity: 
The standa1'd metaboUc riate is the metabolic rate at zero 
physical activity (Fry, 1971), 
The rioutine metabolic riate is the metabolic rate in response to 
the fish 1 s spontaneous activity. It is measured under 
conditions in which the fish is protected from external 
stimuli, and has been adequately acclimated to the 
experimental temperature and apparatus (Fry, 1971), 
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The active metabolic 1'ate is the maximum sustained metabolic 
rate, usually measured while the fish is forced to swim 
steadily against a current (Fry, 1971). 
2.8 Role of Molecular Oxygen in Metabolism 
Molecular oxygen plays a role in several biosynthetic pathways 
and in energy metabolism, but it is directly involved in very few 
reactions. 
2.8.1 Role of Molecular Oxygen in Biosynthesis 
Most of the biosynthetic pathways of aerobes and anaerobes are 
basically similar, and do not directly involve molecular oxygen. 
Nevertheless, Goldfine and Black {1962) have shown that oxygen is 
directly involved in the aerobic synthesis of long-chain unsaturated 
fatty acids, tyrosine, niotinic acid, sterols and in the production of 
quinone coenzymes. It may be interesting to consider whether the 
anaerobic survival of an animal is limited by the failure of these 
pathways, but it is outside the scope of this thesis. 
2.8.2 Role of Molecular Oxygen in Energy Metabolism 
The major role of molecular oxygen in aerobic cells is that of 
an electron acceptor for the oxidation of pyruvate and other intermediates 
through the citric acid cycle {Green and Maclennan, 1967). The cycle is 
located in the mitochondria of animals and plant cells and represents the 
major site of oxidative energy production from lipids, protein and 
carbohydrates, whose degradation products enter the cycle through one of 
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its intermediates. The operation of this cycle through one turn leads 
to the combustion of one acetic acid equivalent: 
However, this representation is misleading in that it neglects the 
essential role of hydrolysis in respiration (Wald, 1966). It can be 
expressed as the sum of two component reactions: 
which show that the oxidation of acetic acid and the reduction of oxygen 
are separate processes linked through a series of intermediates. 
Molecular oxygen is the terminal electron acceptor. It also shows that 
half the hydrogen ions that combine with molecular oxygen are derived 
from water molecules. The essential role of water molecules in 
respiration has been expressed in the following way by Szent-Gyorgyi 
(1972). 
11 Substances are chiefly built-up or broken down by taking 
out or putting in H20 molecules (hydrolysis and synthesis). 
Biological oxidation ... is, as a rule, not a coupling 
with 0, but simply a replacement of H1 s by water, H 
and OH, which makes the substrate gradually richer in 
0 till eventually only co2 and H20 remain. Oxygen 
comes in only as the terminal electron acceptor .... The 
foodstuff is essentially an H donor while o2 is an 
1 H acceptor 1 • H is the fue 1 of 1ife. 11 
Almost all biological oxidations are anaerobic and involve 
dehydrogenations rather than combustions (Wald, 1966). The only 
combustion performed is that of hydrogen to water and this occurs 
subsequent to the oxidation of the substrate (Wald, 1966). Although 
oxidations are generally regarded as energy producing reactions, they are 
so only by virtue of being coupled to reduction. Work must be done to 
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remove hydrogen atoms or electrons from organic molecules. It is the 
energy yield from the reduction over and above that required for 
oxidation which can be utilised to support life (Wald, 1966). The great 
affinity of oxygen for hydrogen is the driving force for the oxidation 
reactions and the subsequent energy production (Wald, 1966). 
The oxidation of the intermediate hydrogen acceptors, NADH 
and succinate, is linked to the reduction of molecular oxygen through 
the electron transport chain. Their oxidation yields energy in the form 
of ATP; three ATP for each molecule of NADH and two ATP for each 
molecule of succinate oxidised. The immediate effect of a reduction in 
the oxygen supply will, therefore, be on the supply of ATP and the redox 
state of the cell. 
Any animal capable of anaerobic survival must maintain its 
molecular organisation and life processes anaerobically. In metabolic 
terms, it must be able to maintain its redox balance and a supply of 
ATP equivalents sufficient to offset its anaerobic energy expenditure 
for maintenance and work (Hochachka et aZ., 1973). The anaerobic energy 
production pathway must be efficient in relation to the energy 
requirements and the substrate turnover required. Animals capable 
of indefinite aerobic and anaerobic survival, the facultative 
anaerobes, possess specialised energy metabolism which functions 
with similar efficiencies aerobically and anaerobically. These 
animals are found among the nematodes, trematodes, cestodes, annelids, 
molluscs and arthropods. Their anaerobic pathways produce specific 
end-products such as succinate, alanine, propionate and acetate 
(Hochachka et aZ., 1973). 
There are several aspects to be considered when seeking to 
explain the limited anaerobic survival of an animal (anaerobic resistance). 
The indirect involvement of oxygen in the energy and redox control of the 
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cell means that a sudden depletion of the oxygen supply will take a 
finite time to affect the animal's metabolism. The survival time will 
depend upon the animal's ability, first, to supply ATP equivalents and to 
maintain its redox balance anaerobically, and second, on its tolerance 
of the consequences of not meeting these requirements. Initially, the 
animal may be able partially to meet its requirements through aerobic 
metabolism utilising stored oxygen, and through its limited capacity 
for anaerobic glycolysis. However, the supply from these sources is 
limited so that its survival will become increasingly dependent upon its 
tolerance of a reduction in its metabolic rate, of the breakdown 
of its molecular organisation and of the effects of the accumulation 
of reduced intermediates and end-products. 
Even in the absence of an ATP generating system, an animal may 
survive for a short time using stored ATP, CP or arginine phosphate. 
When these reserves have been depleted to critical levels the cell's 
molecular organisation will decay towards thermodynamic equilibrium. 
Death is characterised by a decay to an irreversible level. 
The elevation of the concentrations of the reduced intermediates, 
and the failure of the electron transport chain will lead to other 
consequences which must be resisted if the animal is to survive. The 
citric acid cycle, which represents the major connecting pathway between 
lipid, protein and carbohydrate metabolism to energy metabolism, will be 
severely curtailed, greatly restricting the type of substrates that can 
be used in energy production. The supply of building blocks for 
synthesis will also be restricted following the failure of the citric 
acid cycle. 
This discussion provides the basis for the study of the 
anaerobic resistance of animals. In summary then, a reduction in the 
oxygen supply to an animal or tissue requires that the metabolic role 
of oxygen (in maintaining the redox balance and in supplying ATP 
equivalents) be met by alternative means. Death occurs when either 
one or both of these are not met, and the consequent breakdown of 
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the cell 1 s organisation towards thermodynamic equilibrium reaches an 
irreversible level. This level is organ and tissue specific, so that 
the survival of the whole animal may be restricted by the survival of 
the most sensitive tissue. 
Because the involvement of oxygen in metabolism is indirect, 
and biological oxidations are essentially anaerobic, it takes a finite 
time for the effects of anoxia to be mediated through the intermediates 
involved. It also takes a finite time for the oxygen and anaerobic 
energy stores to be depleted, for the cell's organisation to decay to 
an irreversible level, and so for death to occur. Consequently, each 
of these time intervals contributes to the total time the animal can 
resist anoxia. 
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Chapter 3. 
General Procedures and Information 
3 .1 The l~ater 
Canberra tap-water was used during the maintenance and 
temperature acclimation of the fish and for all experiments. A partial 
chemical analysis of the water used throughout the study period is given 
in Table 1. The Canberra water supply is chlorinated; the chlorine was 
removed by vigorous aeration. 
3.2 The Fish 
3.2.1 Natural Environment and Capture 
The fish used in the experiments were captured from a 
population inhabiting Lake Burley Griffin, Canberra, A.C.T. There is a 
great deal of polymorphism in the population, making the precise 
classification of the species difficult. The preliminary work conducted 
by Weatherley in 1973 (personal communication) suggests that the features 
of the fish resemble more closely those of c. auratus than c. carassius. 
I have presumed they are c. auratus in this thesis. The fish were 
present in the Molonglo River before it was dalTUlled to form Lake Burley 
Griffin in 1964. They, in turn, were derived from a population introduced 
into Victoria in 1876, which spread rapidly through the Eastern States of 
Australia. 
Lake Burley Griffin is some 580 m above sea-level. The range of 
water temperature and dissolved oxygen concentration in the lake during 
Table 1 
Partial Chemical Analysis of Canberra Tap-water, 1970-1974 
CHEMICAL 
Dissolved salts 
Total alkalinity (as Caco3) 
Total hardness (as CaC03) 
Calcium hardness (as Caco3) 
Iron 
Copper 
Magnesium 
Manganese 
Sodium 
Potassium 
Lead 
Phosphate 
Sulphate 
Chloride 
pH 
RANGE (p.p.m.) 
30 - 40 
13 - 18 
13 - 20 
6 
- 9 
0.1 - 0.5 
0.0 - 0.2 
1.0 - 2.0 
0.0 - 0.2 
2 - 5 
0.2 - 0.8 
not detected 
less than 0.01 
3 - 4 
2 - 3 
7.0 - 7.3 
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Table 2 
Temperature, Oxygen and Zinc Concentrations of 
Lake Burley Griffin, 1970-1974 
RANGE 
Temperature (°C) 
yearly max. 24 - 26 
Surface 
yearly min. 6 - 10 
yearly max. 20 - 23 
Bottom 
yearly min. 5 - 10 
Oxygen Concentration (p.p.m.) 4 - 10 
Zinc Concentration (p.p.m.) 0.01 - 0.20 
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the period of capture (1970-1973) are given in Table 2. The lake is 
polluted with zinc (Table 2) but its effects on the results presented in 
this thesis have not been assessed. The two acclimation and experimental 
temperatures used throughout, 18°C and s0c, were within the range of 
temperatures naturally occurring in the lake throughout the year. It is 
unlikely that the fish experienced prolonged anaerobiosis in their 
natural environment. The lake does not freeze over in Winter, and so 
the fish are not subjected to an environmental anoxia produced under a 
layer of ice. In Summer, the oxygen concentrations in the deeper parts 
of the lake fell to a minimum of 4 p.p.m. It is conceivable that lower 
oxygen concentrations could have occurred, but only briefly, in 
isolated areas. 
The fish were captured, with minimum damage, using hand-nets, 
electro-fishing equipment, or fish-traps. They varied in shape, colour 
and fin structure, and weighed between 20 g and 250 g. They were 
maintained in an outside storage tank for up to six months before being 
used in an experiment. The storage tank was a polythene-lined swimming 
pool (5 m in diameter and 1 m deep) supplied with continuous aeration and 
a steady flow of tap-water. 
3.2.2 Temperature Acclimation 
Groups of fish were taken from the outside storage tank and 
placed into several 80 l glass or perspex tanks for temperature 
acclimation. The tanks were each fitted with two mercury-contact 
thermometers, linked through relays to a refrigeration unit and a glass-
covered immersion heater, which maintained the temperature to ± 0.5°C. 
The copper cooling pipes of the refrigeration units were covered with 
polythene tubing to prevent them contaminating the water. The covered 
pipes were held in position, near the inner walls and bottom of the tanks, 
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by a perspex frame. Each of the tanks was aerated through 1 air-stones 1 
to keep the oxygen concentration near saturation, and to provide 
sufficient stirring for the maintenance of constant temperature. 
The temperature of the acclimation tanks was initially set at 
the temperature of the storage tank. The temperature was then adjusted 
by 1°c a day, up or down, until the temperature v1as either rn°c or s0c. 
The fish were then maintained at either temperature for a further three 
weeks before use. I have fol lowed Fry (personal communication) in the 
acclimation procedure outlined above. 
During the temperature acclimation and all the experiments, 
the fish were maintained under a 12 h photoperiod without 1 twilight 1 • 
3.2.3 Food 
The fish were fed to satiety twice a week at s0c, and three 
times a week at higher temperatures. The feed was made by mixing S kg 
of tinned Australian salmon, 1 kg of stabilised wheat germ, 1 kg of 
gelatine and S 1 of hot water. When fed in this way, the fish retained 
their condition and remained healthy during maintenance and temperature 
acclimation. I have not quoted the 'condition factor• of the fish 
because of the large polymorphism present in the population. 
3.2.4 Chamber Acclimation 
The fish were always placed in the experimental chambers at least 
24 h before taking any measurements, or reducing the oxygen concentrations. 
The design of the apparatuses, and the flow of aerated water used, ensured 
that the fish were subject to minimal disturbance, and were exposed to 
oxygen concentrations greater than 70% of saturation, during acclimation 
to the chambers. 
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3.3 The Experimental Apparatuses 
3.3.1 Apparatus A 
The apparatus depicted in Figure 2 was used to subject the fish 
to anoxia and to measure their oxygen consumption. It contained 4 
separate chambers in a single temperature controlled water bath, 
permitting 4 fish to be treated simultaneously to the same experimental 
conditions. Aerated or deoxygenated water was directed through the 
chambers at known flow rates. Water samples were collected from the 
outlet tubes of each of the chambers and from a blank tube which by-passed 
the chambers, to determine the oxygen concentration within the chambers 
and the oxygen consumption of the fish. 
When the oxygen concentration in the chambers had to be 
rapidly reduced, neither the output of the deoxygenation apparatus nor 
the heat exchange system was adequate to allow the simultaneous reduction 
of the oxygen concentration in all 4 chambers. The water flow to all but 
one of the chambers was turned off, and the total output of the 
deoxygenation apparatus was directed through a single chamber for one hour 
(involving a total water flow of about 10 1). The water flow through 
this chamber was then reduced to about 1 litre an hour and another 
chamber rapidly deoxygenated in a similar way. When all the chambers 
had been deoxygenated, the water flow through each chamber was adjusted 
to the required level. 
3.3.2 Apparatus B 
This apparatus was especially designed for use while measuring 
the internal temperature of c. auratus. I have described it in Chapter 7. 

Figure 2 
Diagram of apparatus A, used to measure the oxygen consumption of fish at different temperatures, 
and to subject the fish to anoxia. 
A. The aerobic and anaerobic water entered the apparatus through two heat exchangers (jacketed 
coil condensers, 150 mm long, Quickfit CX6/22) connected in series. A simplified diagram of only one of 
these is included in the Figure. The temperature of the inflowing water was efficiently adjusted to the 
temperature of the bath by pumping large volumes of water through the body of the condensers and directing 
the water supply to the chambers through the coils and jackets. The pumping of the water also served to 
mix the water in the bath, and so maintain a steady flow of water over the heater and refrigeration coils. 
B. The flow of water through the chambers was controlled by stainless-steel needle flow 
regulators fitted to the chamber inlet tubes. 
C. The chambers consisted of 2 litre glass jars, sealed with rubber bungs (7.5 cm diameter and 
4.5 cm thick). The inlet tube ran to the back of the chamber, and the outlet tube to the front, to ensure 
adequate mixing of the water in the chamber. 
0. A further flow regulator was fitted, to bypass the chambers and provide blank water samples. 
E. The 18 litre water bath was fitted with a refrigeration unit and an immersion heater, which were 
each connected through relays to mercury contact thermometers. The bath temperature was maintained to 
± o.1°c of the temperature setting. 
All the tubing represented in the diagram was nylon pressure tubing (6 mm external diameter, 4 mm 
internal diameter, 1000 p.s.i. nylon pressure tubing). 
0' 
(_'I"" 
....... 
0 
.... 
<II 
-0 
~ 
.... 
0 
---... :=:==--=====r--
~ 
~ 
~ 
~ 
~ 
~ 
"' .... 
<II 
-J:l 
E 
0 
..c: 
u 
E 
0 
.... 
....... 
~ 
0 ;::;::: 
-:::> 
~ 0 
~ -~~ ==========r1 ._.. 
~======================4··====~ 
a 
~ 
0 ;::;::: 
-:::> 
0 
~ 
c: 
0 
iii 
66 
3.4 The Measurement of the Dissolved Oxygen Concentration 
3.4.1 Introduction 
In the past insufficient care has been taken in defining and 
controlling the anoxic and hypoxic conditions during experiments. 
Blazka (1958) used the term 11 practically absolute anoxia 11 in describing 
the oxygen concentration in some of his experiments, but provided no 
measurement of the actual oxygen concentrations. An animal is said to 
be anoxic, in this thesis, when its environmental oxygen consumption is 
insignificant in relation to its normal oxygen consumption. An animal 
can, therefore, be rendered anoxic either by reducing the environmental 
oxygen concentration to an extremely low level, or to a level at which 
the animal's oxygen consumption is known to be insignificant. In both 
instances a reliable, accurate and precise method for measuring very 
low oxygen concentrations is required. 
The method I selected was similar to that described by 
Potter (1957a, b) and Potter and White (1957a, b) which is based on the 
well known Winkler method, with the following modifications. Small 
volumes of concentrated deoxygenated reagents were used to limit the 
interference from oxygen and other impurities in the reagents. The 
sample bottles were specially designed to allow the reagents to be 
introduced anaerobically. A sudden start amperometric end-point detection 
was used to achieve the desired sensitivity, accuracy and precision of the 
titrations. Potter and White (1957a) showed that the Winkler reaction 
still occurs at very low oxygen concentrations and that the iodine 
(liberated in direct proportion to the amount of oxygen present) could 
be accurately titrated with very dilute titrant solutions. 
67 
The apparatus and general procedures I used are described below, 
with particular attention to my modifications of the method described by 
Potter (1957a, b) and Potter and White (1957a, b). 
3.4.2 Sample Collection 
In the construction of the deoxygenation apparatus and the 
chambers, care was taken to prevent oxygen contamination during the 
experiments or during the collection of the samples. Nylon pressure 
tubing was used throughout to carry the deoxygenated water to the 
chambers and to the sample vessels. Potter and Everitt (1960) have shown 
that nylon tubing is impermeable to oxygen, whereas polyvinyl chloride, 
polythene, neoprene and rubber a re a 11 permeable to some extent. 
Simple but effective water sampling vessels were made from 
100 ml volumetric flasks and polythene stoppers (Figure 3). The design 
of these vessels enabled the three reagents to be injected into the water 
sample without contamination from the atmosphere. The final sealing of 
the vessel was accomplished by collapsing a small polythene tube 
(Figure 3). Although Potter and Everitt (1960) have shown that polythene 
tubing is permeable to oxygen, the amount of tubing exposed to the 
atmosphere, after sealing, was very small. Also, as a precaution, the 
reagents were added as soon as possible after collecting each sample. 
No measurable change in the oxygen concentration of the samples occurred 
during the first three hours after adding the reagents. 
The volumetric flasks were stored full of water to prevent 
small air-bubbles forming on the sides of the flasks while collecting 
samples. A sample was collected by running at least 500 ml of water through 
the nylon outlet tube of the chamber, inserted right to the bottom of the 
flask. The nylon tube was then gradually removed and the flask stoppered 
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Figure 3 
The water sampling vessel and stopper assembly used for 
determining oxygen concentrations. 
A. The sampling vessel consisted of an 100 ml volumetric flask 
(B grade, 11 Excelo 11 ). When stoppered, it had a volume of 110 ml. 
B. The stopper assembly .components. A 1 mm diameter hole was 
drilled through the bottom of a hollow polythene stopper (Cl2/14, 
11 Excelo 11 ). A 3 cm piece of polythene tubing (1.5 mm internal, 2.0 mm 
external diameter) was inserted through the hole so that it protruded 
3 mm. 
C. The three reagents were injected into the neck of the flask 
through a disposable stainless-steel needle (22G, 3.75 cm). It was 
inserted right through the polythene tube, and protruded about 5 mm 
into the neck of the flask. Since all three reagents are denser than 
water, very little reagent was lost in the water expelled through the 
polythene tube during a slow injection. The diameter of the needle was 
chosen so that the volume of the needle inserted into the polythene 
tube was less than half the internal volume of the tube itself. 
Therefore, when the needle was removed after injecting a reagent, no 
air bubbles were introduced, and the polythene tube remained 
half-full of water. 
D. The stopper assembiy was sealed after each addition by 
inserting a smaller polythene stopper (ClO, 11 Excelo 11 ) into the hollow 
cavity of the larger stopper. When the stopper was replaced, the 
polythene tubing was collapsed against the inner wall of the larger 
stopper, sealing it without introducing any air bubbles. 
B 
C10 Polythene stopper 
- C12114 Polythene stopper 
A 
c 
1--- lml Glass syringe 
- 22 G Stainless-steel needle 
mr 
-- .. -~ : -
-:~-:.---
-
- -- - -.. 
- Neck of volumetric flask -~: ~.:~.:_-' 
D 
100ml Volumetric flask 
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without trapping any air-bubbles. The larger stopper (Figure 3) was 
replaced first. In so doing, about 1 ml of water was expelled, including 
the water at the surface con~minated with air. Some of the excess water 
A 
was expelled through the small polythene tube, so that it was filled with 
water before it was sealed by replacing the small stopper (Figure 3). 
After each of the reagents was injected through the polythene tube, the 
small stopper was replaced to mix the contents of the sampling vessel. 
3.4.3 The Reagents 
a). Manganous Sulphate Reagent 
364 g of Mnso4.H2o (A.R.) were dissolved in glass-distilled 
water. The solution was filtered and made up to 1 l in a 
volumetric flask. 
b). Alkaline Iodide Reagent 
700 g of KOH (A.R.) and 150 g of KI (A.R.) were dissolved 
in glass-distilled water. The solution was filtered. 
About 3 ml of 0.1 N KI03 solution was added to the 
alkaline/iodide reagent and the solution was made up to 
1 1 in a volumetric flask. Potter (1957a) suggested the 
addition of a small amount of KI03 to allow for the 
presence of reducing substances which could then be 
detected in a reversed reagent blank. 
c). Acid Reagent 
An aqueous solution (approximately 75% v/v) was prepared 
from concentrated sulphuric acid (A.R.) and glass-distilled 
water. 
The reagents were thoroughly deoxygenated before use by bubbling 
high-purity nitrogen through them for several hours. A known volume of 
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each reagent was injected into the sample vessels using 1.00 ml 
graduated glass syringes (Tuberculin, Eva glass) fitted with stainless-
steel needles. The syringe and needle were flushed several times with 
the deoxygenated reagent before each injection. These precautions, 
together with the reduction in the volume of the reagents injected, 
ensured that very little oxygen was introduced with the reagents. 
The volume of the reagents injected depended on the expected 
oxygen concentration of the sample. I followed Potter and White (1957a, b) 
and used minimal amounts of each reagent to reduce the quantities of 
interfering substances introduced with the reagents. I injected 0.2 ml 
of manganous sulphate and alkaline/iodide reagents, and 0.4 ml of acid 
reagent into 100 ml samples of air-saturated water. Samples of 
deoxygenated water received only half these volumes. 
3.4.4 Standard Titrant Solutions 
The primary standard was 0.1 N potassium iodate. About 3.5 g 
of potassium iodate, previously dried for 1 hour at 110°c, was accurately 
weighed, dissolved in glass-distilled water and the solution made up to 
1 litre in a volumetric flask. The exact normality of this solution was 
calculated. 
The secondary standard, a 0.1 N solution of sodium thiosulphate, 
was prepared by dissolving about 25 g of sodium thiosulphate pentahydrate 
in glass-distilled water, and making the solution up to 1 litre in a 
volumetric flask. The exact normality of this solution was determined 
by titrating a known volume against the potassium iodate standard. After 
titrating a water sample to the end point, 1.00 or 5.00 ml of the sodium 
thiosulphate solution was added and the solution was titrated back to 
the end point with the potassium iodate standard. 
71 
Sodium thiosulphate and potassium iodate down to 10-4 N were 
prepared daily by diluting the primary standards. The normality of the 
dilute solutions was calculated by titrating a known volume, with either 
of the primary standards, or with a solution whose normality was known 
by titration with the primary standards (Potter and White, 1957b). The 
normality of each titrant solution was checked routinely several times 
throughout the day. 
3.4.5 Titration Assembly 
The titration assembly used was similar to that described by 
Potter and White (1957a). The reaction vessel consisted of a 120 ml 
Erlenmeyer flask fitted with a rubber stopper. The end point was 
detected arnperometrically using two platinum electrodes, 0.38 mm in 
diameter, sealed 3 mm apart in a length of glass tubing, which passed 
through the rubber stopper. The electrodes protruded 14 mm from the end 
of the glass tubing into the solution. During a titration, high purity 
nitrogen was directed over the electrodes from a fine glass tube which 
also passed through a hole in the rubber stopper. The flow of nitrogen 
gas reduced the interference from the reaction of molecular oxygen at 
the electrodes (Potter and White, 1957b). It also stirred the solution, 
and so mixed in the titrant aliquots, and increased the response at the 
electrodes. 
3.4.6 Arnperometric Circuit 
The amperometric circuit used (Figure 4) was similar to that 
described by Potter and White (1957a). The circuit generated an applied 
potential of 83 mV between two platinum electrodes. The current passing 
through the solution was measured as the potential difference it 
produced across a 220 k ohm resistor (Figure 4). 
3.4.7 End Point Detection 
The Winkler reaction produces an amount of iodine which is 
72 
equivalent to the amount of oxygen originally present in the water sample. 
The iodine/iodide redox reaction proceeds readily under the influence of 
the applied potential, and the current flowing between the electrodes 
is proportional to the iodine concentration. At the end point, all the 
iodine has been titrated with sodium thiosulphate and no current flows 
due to the iodine/iodide redox reaction. The current recorded during the 
titration decreases to a dead stop. In practice however, a small residual 
current is always found because of the occurence of other interfering 
reactions. The end point is difficult to detect unless a continuous 
recording of the current is made. It is easier to detect a sudden rise 
in the current. The end point was therefore detected by adding a known 
excess of sodium thiosulphate and titrating back to the end point with 
potassium iodate. This is a sudden start or quick s·tart end point 
determination (Potter, 1957a). This method of detecting the end point 
is very sensitive. Initially, the potentiometer reading was about 
80 mV. After adding an excess of thiosulphate, it fell to about 10 mV. 
Each addition of an aliquot of potassium iodate further reduced the 
potential. At the end point, the addition of a 0.01 ml aliquot of even 
the most dilute potassium iodate solution (10-4 N), caused a sudden rise 
in the potential from about 1 mV to 10 mV within 2 min. There was no 
need to record permanently the potential on either side of the end point 
to calculate its value, since the increase in the current was sudden and 
unmistakable. Potter and White (1957a) have given a full analysis of the 
end point detection method described above and its limits of detection. 
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Figure 4 
A diagram of the amperometric titration circuit. The circuit 
described is similar to that used by Potter and White (1957a). Phillips 
carbon-film, ~ watt resistors with a tolerance of ± 5% were used in the 
circuit. The battery was a 1.35 V mercury battery (Mallory Duracell 
RM42R). The circuit generated a measured applied potential of 83 mV 
between the two platinum electrodes. The current produced in response 
to this applied potential was measured as the potential produced across 
the 220 k ohm resistor. It was monitored with a Vibron Electrometer 
(E.I.L. Model 33B). All the leads to the platinum electrodes and to 
the recorder were shielded; the shields were connected to earth through 
the recorder. 
68 K ohm 
1.35 V Mercury battery 
+ 
1 M ohm 
220 K ohm 
Platinum electrodes (applied potential of 83 mV) 
Vibron electrometer 
10 M ohm 
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The only disadvantage of the above method is that the results 
depend on the precision and accuracy of delivering two, rather than one, 
volumes of titrant solution. However the errors involved were reduced 
by delivering the titrant solutions from 10 ml A grade burettes having a 
certified accuracy of± 0.01 ml and by selecting reagent normalities 
which required the addition of almost the entire burette capacity during 
a titration. The solutions were delivered to the reaction vessel through 
polythene tubes (1 mm internal diameter) connected to the burette spouts. 
Particular care was taken to measure accurately the normality of all 
the solutions used. The dilutions of the primary standards were performed 
daily, and the normality measured and checked frequently against that of 
the primary standards. 
3.4.8 Allowance for Interfering Substances 
Most reducing and oxidising substances present in the water 
sample or in the processing reagents interfere with the measurement of the 
dissolved oxygen concentration by removing or liberating iodine. I used 
a reversed reagent blank to allow for the presence of both types of 
interference. The usual order of addition of the reagents was KOH/KI, 
Mnso4, and then H2so4. The reversed reagent blank received the same 
amount of each reagent, but the order of addition of the last two was 
reversed (thus KOH/KI, H2so4, and then Mnso4). A small amount of 
potassium iodate (final concentration 3 x 10-4 N) was added to the 
alkaline reagent to detect the presence of reducing substances (Potter 
and White, 1957b). 
The reversed reagent technique does not allow for all types of 
interference, since some interfering substances react with manganous 
hydroxide or its oxidised form, neither of which is produced in the 
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blank (Potter, 1957a). However none of the substances mentioned by 
Potter (1957a) and Potter and Everitt (1959b) as likely to interfere in 
this way, occurred in the water samples or in the reagents at 
concentrations likely to cause significant interference. 
3.4.9 Procedure 
Water samples of about 110 ml were collected after flowing at 
least 500 ml of water through the sample vessels. The polythene stopper 
assembly was inserted to seal the flask. A certain volume of deoxygenated 
alkaline/iodide reagent was later injected into the sample. An equal 
volume of deoxygenated manganous sulphate reagent was added, and the 
sample vessel resealed. The flask was shaken vigorously and the 
precipitate which formed, allowed to settle for about 20 min. Twice the 
volume of deoxygenated acid reagent was then added. The flask was 
resealed and again shaken vigorously. The stopper assembly was then 
removed and the volume of the solution reduced to exactly 100 ml by 
using the calibration mark on the volumetric flask. The solution was 
then transferred to the Erlenmeyer flask of the titration assembly. The 
rubber stopper carrying the electrodes was then replaced and the flow 
of high-purity nitrogen begun. After a few minutes, sodium thiosulphate 
solution was run into the vessel from a burette until the potentiometer 
gave a minimum reading. A further 1.0 ml of sodium thiosulphate solution 
was added. The water sample was then titrated back to the end point with 
potassium iodate solution, using aliquots of 0.01 ml near the end point. 
The end point was detected as a sudden rise in the potential produced by 
the first appearance of iodine in the solution. 
The oxygen concentration of the water sample was calculated from 
the volume and normality of the thiosulphate solution added, after 
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subtracting a volume of thiosulphate equivalent to the amount of iodate 
used for the back titration. The volume of the thiosulphate solution 
required for the titration of the reversed reagent blank was also 
subtracted. 
No correction for the water lost through displacement by the 
addition of the alkaline/iodide or manganous sulphate solutions was 
applied because the total volume displaced was less than 0.5% of the 
sample volume. 
3.4.10 Precision and Accuracy 
Potter and White (1957b) have shown that their methods produced 
accurate and precise results even at oxygen concentrations of 
7 x 10-4 mg o2 1-
1
. I have determined the accuracy and precision of 
the modified methods I used. The results presented in Table 3 were 
-2 -1 obtained with water samples containing less than 10 mg o2 l . 
The accuracy was determined by collecting 10 samples of 
deoxygenated water. Two of these were used as blanks to determine the 
residual oxygen concentration of the water. A third sample provided a 
reversed reagent blank. Different volumes of aerated water were injected 
into the remaining samples to give final oxygen concentrations between 
10-2 and 10-l mg o2 1-
1
. The oxygen concentrations of these samples 
were determined and compared with the expected oxygen concentrations, 
calculated from the volume and oxygen concentration of the aerated water 
injected (Table 3). The measured oxygen concentrations were very close 
to the expected values (Table 3). The accuracy of dispensing volumes 
between 0.2 ml and 1.4 ml with a tuberculin calibrated syringe 
probably accounts for the large proportion of the error observed 
(Table 3). 
The precision was determined by measuring the oxygen 
concentrations of 8 samples of deoxygenated water (Table 3). Two of 
the samples were used as reversed reagent blanks. The mean oxygen 
-3 -1 concentration of the remaining samples was 1.84 x 10 mg o2 l . 
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This oxygen concentration was similar to that used during anoxia. The 
95% confidence interval for the mean was (1.84 ± 0.40) x 10-3 mg o2 1-
1
, 
and the coefficient of variation was 26% (Table 3). 
The precision and accuracy of the methods were sufficient to 
give reliable estimates of the oxygen concentrations over the range used 
in the experiments. Both. the precision and accuracy were considerably 
greater at higher oxygen concentrations, and depended on the precision 
and accuracy of the delivery of the reagents and titrant solutions, rather 
than on that of the end point determination. 
3.5 The Deoxygenation Apparatus 
3.5.1 Introduction 
Most of the methods used for deoxygenating water are based on 
the fractionating column described by Fry (1951). A continuous flow of 
aerated water is saturated with a counter-current flow of nitrogen gas in 
a glass or perspex column about 1.5 m long. A variety of such columns 
have been described (Blazka, 1958; Shepard, 1955; Burton and Spehar, 1971). 
I constructed several columns of similar design, but I found that the 
deoxygenated water produced, contained too much residual oxygen, even when 
very high nitrogen flows were used. The alternative methods of Mount (1964) 
and others appeared to be inefficient or impractical at the flow rates I 
required, or could not be readily converted to produce continuous flows of 
deoxygenated water. The apparatus I developed is described in Figure 5 
and below. 
Table 3 
. ACCURACY 
The Accuracy and Precision of the Determination 
of Low Oxygen Concentrations 
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VOLUME OF AERATED 
EXPECTED o2 MEASURED o2 
CONCENTRATION CONCENTRATION * WATER ADDED (ml)# (10-2 mg o2 1-
1) (10-2 mg o2 1-
1) 
PRECISION 
# 
* 
0.2 
0.4 
0.6 
0.8 
1.0 
1.4 
1. 5 2.0 
3.0 2.8 
4 .. 5 4.7 
6.0 6.6 
7.5 7.7 
10.5 10.9 
OXYGEN CONCENTRATION 
MEASUREMENTS 
(10-3 mg o2 1-
1) 
2.05 
1.27 
1.48 
2.48 
2.27 
1.48 
1.84 ± 0.45 (mean ± s.e.) 
coefficient of variation 26% 
The oxygen concentration of the aerated water was 7.5 mg o2 1-l 
The residual oxygen concentration of the deoxygenated water was 
-3 -1 2.8 x 10 mg o2 1 . This was subtracted as a blank from each 
measurement. 
The titrant solutions were about 10-4 N. 
The oxygen concentrations were determined after subtracting a 
reversed reagent blank. 
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Figure 5 
A diagram of the deoxygenation apparatus. The water was 
deoxygenated in two stages; firstly, by heating it to between so0c and 
100°c, and secondly, by thoroughly saturating the partially deoxygenated 
water with a counter-current flow of high purity nitrogen. 
A. Tap water entered the apparatus through a sma 11 flask which 
provided a constant-head reservoir for the column. The height of this 
flask was adjusted to maintain a slight over-flow of hot water from the 
column. Water was siph6ned from this flask into a 3 1 conical flask. 
B. The water entering this flask was heated in a 750 watt heating 
mantle (Isomantle type PMUL/31, Isopad Ltd.). This maintained the 
temperature of the water in the flask between so0c and 100°c, depending 
on the flow of water. The flask was sealed with a rubber stopper fitted 
with an inlet and outlet tube, and a further tube to expel the gases 
and steam produced by the heating. The partially deoxygenated water was 
then siphoned through a glass tube into the top of the column. 
C. The glass column was 5 m long with an internal diameter of 
18 rrun and an external diameter of 22 mm. It was tightly packed with 
small pieces (20-30 mm long) of glass rod (3 mm diameter). The length 
and diameter of the glass column and packing materials were empirically 
chosen to deliver the required volumes and oxygen concentration of the 
deoxygenated water. Both ends of the column were fitted with rubber 
bungs. The bung at the top was fitted with a tube to vent the nitrogen 
gas. There was also an overflow pipe. The flow of hot water into the 
column was adjusted so that there was always a slight overflow. High 
purity nitrogen entered the bottom of the column, slightly above the 
level of the water outlet tube to prevent the outlet filling with gas. 
The temperature of the water decreased as it passed down the column, 
reaching about 38°C at the bottom. 
D. The temperature of the deoxygenated water was further reduced 
by flowing it through the body of two condensers {jacketed, coil condensers, 
150 mm long Quickfit CX6/22) connected in series. Only the jacket of the 
condensers has been represented in the diagram for simplicity. A rapid 
flow of water (10-15°C) through the jacket and coil of the condensers 
reduced the temperature of the deoxygenated water to about 15°C. All 
the tubing used to carry the water and gas was either glass or nylon. 
The joints were either greased Quickfit joints, or joints made with short 
lengths of overlapping polythene tubing. 
Deoxygenated 
water 
........--·===;'] 
~... ':. 
·:· :-.: . 
. . 
t 
~ Overflow 
f 
High purity dry nitrogen 
Aerated water 
Overflow 
A 
B 
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3.5.2 Apparatus and Procedure 
Tap water was deoxygenated in two stages. The water was first 
heated to between ao0c and 100°c. This reduced the oxygen concentration 
to less than 10% of saturation. The partially deoxygenated water was then 
saturated with a counter-current flow of high purity nitrogen in a 5 m 
glass column (Figure 5). The column described, produced the required 
volume and oxygen concentration of the deoxygenated water, at economical 
gas flows. The shape and size of the glass packing material was chosen 
empirically after a great deal of experimentation. Packing the column 
greatly increased the efficiency of the deoxygenation. It reduced the 
vertical mixing of the water in the column, and so the counter-current 
flows of water and nitrogen produced a vertical oxygen concentration 
gradient. The water near the bottom of the column, contained the least 
amount of oxygen, and was in contact with the high purity nitrogen as 
soon as it entered the column. 
The maximum output of deoxygenated water was 10 l hr-l with 
a nitrogen flow of 1.5 l min-1. If a greater volume of water was drawn 
from the column, the column drained and gas entered the outlet tube. 
The oxygen concentration of the water produced varied with the volume 
-1 
withdrawn, but was always less than 0.01 mg o2 l . 
The deoxygenation apparatus also efficiently removed the 
dissolved carbon dioxide. This increased the pH from 7.0 to about 9.8. 
The pH of the water was adjusted back to its original value by mixing 
carbon dioxide with the nitrogen before it entered the column. In the 
experiments described in the next Chapter, the oxygen consumption was 
measured at a variety of low oxygen concentrations and pH's. The column 
was used to produce water of a specific oxygen concentration and pH, by 
adding known amounts of oxygen and carbon dioxide to the nitrogen before 
it entered the column. Rotameter gas flow meters (Rotameter 
Manufacturing Company) were used to mix the three gases precisely. 
The gases were piped in nylon pressure tubing which was connected to 
the flow meters and gas regulators by brass fittings. 
81 
Chapter 4 Anaerobic Resistance - Procedures and 
Preliminary Experiments 
4.1 Introduction 
4.2 Natural Oxygen Depletions 
4.3 Experimental Oxygen Depletions 
4.3.1 Asphyxiation 
4.3.2 Displacement 
4.4 The Rate of Reduction of the Oxygen Concentration 
4.4.1 Natural Anoxia 
4.4.2 Physical Activity 
4.4.3 Ventilation 
4.4.4 Acclimation to Low Oxygen 
4.4.5 Conclusion 
4.5 Resistance Time 
page 
82 
83 
84 
85 
88 
90 
94 
94 
97 
100 
102 
103 
4.6 Oxygen Concentration during Anoxia 103 
4.6.1 Oxygen Consumption at Low Oxygen Concentrations 107 
4.6.1.1 Procedures 
4.6.1.2 Results and Discussion 
4.6.2 Resistance at Low Oxygen Concentrations 
4.6.2.1 Procedures 
4.6.2.2 Results and Discussion 
4.7 Hydrogen Ion and Carbon Dioxide Concentrations 
during Anoxia 
4.7.1 Procedures 
4.7.2 Results and Discussion 
4.8 Conclusion 
107 
109 
111 
111 
112 
114 
115 
116 
116 
Chapter 4 
Anaerobic Resistance - Procedures and Preliminary Experiments 
4.1 Introduction 
A variety of experimental procedures have been used to 
determine the anaerobic resistance of fish and other animals. The 
particular procedure used, determines the experimental conditions 
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which occur during the reduction in oxygen concentration and during 
anoxia. These experimental conditions may in turn affect the anaerobic 
resistance of the animal. The more important aspects of the procedures 
are: 
1. the rate and method of reducing the oxygen concentration, 
2. the oxygen and carbon dioxide concentrations, and pH of 
the water or gas surrounding the animal, 
3. the adequacy of the acclimation of the animal to the 
experimental temperature and chamber, and 
4. the precautions taken to eliminate the effects of any 
external stimuli that may increase the animal's activity 
or otherwise affect its resistance. 
The experimental procedures and conditions I used throughout this study 
were chosen after reviewing the literature and conducting some 
preliminary experiments. In this Chapter I shall discuss the methods I 
used, and my reasons for choosing them. In the next Chapter I shall 
present and discuss the results I obtained on applying them to a study 
of the anaerobic resistance of c. auratus. 
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4.2 Natural Oxygen Depletions 
Many of the experimental procedures for producing anoxia are 
discussed in reference to naturally occurring oxygen deficiencies. The 
merits of various procedures are assessed by the resemblance between 
the conditions they produce and those which occur naturally. However, 
there is considerable variation in the conditions associated with 
natural anoxia, which makes any definition of the conditions very 
difficult. 
Natural, environmental oxygen depletions are usually 
asphyxiations. The dissolved oxygen is depleted by the respiration of 
the fish themselves, or of other aquatic organisms, when the transfer 
of oxygen from the atmosphere is prevented by thermal stratification 
(Happey, 1970; Smith and Bella, 1973), salinity stratification (May, 
1973) or by a layer of ice (Lindemann, 1942; Greenbank, 1945; Cooper 
and Washburn, 1949; Scidmore, 1957; Blazka, 1960; Johnson, 1965; 
Fast, 1973), and the oxygen produced by photosynthesis is inadequate 
to meet the requirements. 
Oxygen depletion by asphyxiation is often associated with an 
elevation of the carbon dioxide concentrations. Wood and Verduin (1973) 
measured the oxygen and carbon dioxide concentrations of Lake Erie, and 
often found that the oxygen deficits were associated with corresponding 
excesses (mole for mole) of carbon dioxide. However, when the dissolved 
oxygen concentrations approached zero, the excess of carbon dioxide was 
greater than the oxygen deficit, apparently because of anaerobic carbon 
dioxide production from microorganisms. 
The oxygen, carbon dioxide, hydrogen sulphide and ammonia 
concentrations, the pH and the temperature beneath a layer of ice 
vary in different lakes and ponds from year to year (Greenbank, 1945). 
Even in a single lake, the environmental conditions vary throughout a 
single Winter, depending on the thickness of the snow on the ice, and 
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the amount of time which has elapsed from the last snow fall (Greenbank, 
1945; Johnson, 1965; Fast, 1973). At any given time, there is 
considerable variation in the oxygen concentration and other conditions, 
with depth. The highest concentrations, the lowest free carbon dioxide 
and hydrogen sulphide concentrations, and the lowest temperatures occur 
just under the layer of ice (Magnuson and Karlen, 1970). The distribution 
of a number of species of fish varies in relation to this gradient of 
conditions (Magnuson and Karlen, 1970).· The i~dividual species show 
different thresholds of response to the conditions and different 
behaviour patterns (Petrosky and Magnuson, 1973). When anoxia is 
produced in thermally stratified lakes there is also considerable 
variation in the conditions with depth (Smith and Bella, 1973) and time 
of day (Happey, 1970). 
As both the conditions and the distribution of the fish vary 
with time, it is extremely gifficult to define precisely a set of 
environmental conditions associated with natural oxygen depletions. 
The effects of each of these environmental conditions on the resistance 
of fish have not been examined in detail in this thesis. I have measured 
the anaerobic resistance of c. auratus under circumstances in which the 
only change from the conditions prevailing in the acclimation chambers 
has been the drop in oxygen concentration. 
4.3 Experimental Oxygen Depletions 
Two general methods are used to produce anoxia experimentally. 
Animals are placed in sealed vessels of aerated water and either the 
oxygen is depleted by the fish 1 s own respiration (asphyxiation), or the 
aerated water is displaced by a continuous flow of deoxygenated 
water (displacement). 
4.3.1 Asphyxiation 
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When anaerobic resistance is measured by asphyxiation, the 
fish are placed into small volumes of aerated water, in vessels which 
are impermeable to oxygen. The diffusion of atmospheric oxygen through 
the surface is greatly reduced by covering it with a layer of mineral 
oil (Lowe, Hinds and Halpern, 1967) or by sealing the vessel in some way 
(Hall, 1930; Fry, Black and Black, 1947; Hart, 1968; Grigg, 1969; 
Lewis, 1970; Congleton, 1974), and the oxygen is depleted at a rate 
dependent on the size of the vessel and the oxygen consumption of the 
fish. Other workers removed some of the dissolved oxygen before 
introducing the fish and sealing the vessel, by adding a slight excess 
of sodium sulphite (Lewis, 1970); by boiling the water and then 
cooling it without contact with the atmosphere (Congleton, 1974); or 
by partially saturating it with nitrogen (Thompson and Pritchard, 1969; 
Congleton, 1974). Thompson and Pritchard (1969), Hoffman and Mangum 
(1970), Kushins and Mangum (1971) and Sassaman and Mangum (1973) 
partially saturated the water with nitrogen when measuring the asphyxial 
resistance of a number of invertebrates. 
There are several major disadvantages in measuring anaerobic 
resistance by asphyxiation in sealed vessels: 
a). The rate of reduction of the oxygen concentration cannot 
be controlled adequately. The rate of depletion of the oxygen within 
the chamber depends on the fish 1 s ability to extract oxygen at low 
oxygen concentrations, and on the fish's activity and ventilation. Even 
when the oxygen concentration is partially reduced before introducing 
the animal to the chamber, there is inadequate control of the rate of 
reduction of the remaining oxygen. 
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b). Resistances cannot be attributed to a particular oxygen 
concentration because the oxygen concentration varies continuously 
throughout the resistance period, and the period of oxygen depletion 
may represent a significant proportion of the measured survival time 
(Shepard, 1955). The hypoxic resistance of fish depends very much on 
the oxygen concentration. Shepard (1955) measured the resistance of 
brook trout (s. fontinalis) to a variety of constant oxygen concentrations 
below its incipient lethal level. He found that their resistance, 
beyond a minimum resistance period, depended on the oxygen concentration. 
Thus, the volume and oxygen concentration of the water in which the fish 
is asphyxiated affects its resistance, because of the time taken to 
deplete the oxygen concentration to the incipient lethal level, and 
because of the resistance of the fish to the transient oxygen 
concentrations below the incipient lethal level. When the oxygen level 
is reduced before introducing the fish and sealing the vessel, the 
oxygen concentration can be stated more precisely, but unless it is 
reduced to a very low level, the oxygen concentration will still vary 
during the resistance period. 
c). The anaerobic resistance may be affected by the 
accumulation of carbon dioxide, ammonia or other metabolic endproducts 
during asphyxiation. The endproducts may accumulate to concentrations 
at which they will affect the rate of oxygen consumption during the 
oxygen depletion, the extent of the depletion, or the fish's resistance 
to anoxia. Fry, Black and Black (1947) showed that when c. auratus is 
asphyxiated, the amount of oxygen remaining at death (that is, the extent 
of the depletion) depends on the final concentration of carbon dioxide. 
Townsend and Cheyne (1944) found that the hypoxic resistance of Silver 
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salmon, Oncorhynchus kisutch, is less at higher carbon dioxide 
concentrations. This latter effect is apparently mediated through the 
decrease in pH caused by the carbon dioxide (Townsend and Cheyne, 1944). 
Congleton (1974) found that the asphyxial survival time (time to the 
cessation of respiratory movements) of TyphZogobius caZiforniensis 
varied with the "relative volume" (seawater volume (ml) divided by the fish 
weight (g) 0·62 ) of sea water in which the fish were enclosed. He also 
found that during asphyxiation the pH of the sea water was decreased by 
the fish's metabolism. The terminal pH depended on the initial pH and 
the relative volume of sea water. Smaller volumes were associated 
with lower terminal pH's and reduced survival. The relationship between 
the survival time and the terminal pH closely resembled that between the 
survival time and the relative volume. He suggested that the exponential 
decrease in the asphyxial survival time of T. caZiforniensis with 
decreasing sea water volume may result from the accumulation of an 
excreted acid metabolite. 
Little is known of the possible effects of excreted arrmonia 
on the asphyxial survival of fish. The toxicity of ammonia depends on 
the presence of its unionised form, which predominates at high pH 
(Brett, 1962). Carbon dioxide and ammonia have opposing effects on the 
pH, and in that sense, the accumulation of one offsets the accumulation 
of the other. 
The accumulation of endproducts during asphyxia is not 
necessarily prevented by displacing some of the dissolved oxygen before 
sealing the vessel. Kutty (1972) has shown that, although the rate of 
production of carbon dioxide and ammonia by TiZapia mossambica declined 
with decreasing oxygen concentration, both were still produced during 
hypoxia and anoxia. c. auratus also produces carbon dioxide during 
anoxia (Kutty, 1968). 
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The effects of the accumulation of an endproduct on the 
asphyxial survival time will, of course, depend, not only on the size 
of the experimental chamber, but on the excretion rates, and on the 
hypoxic and anoxic resistance of the species being studied. The less 
resistant species may not survive long enough for the endproducts to 
accumulate to toxic concentrations. The accumulation of endproducts is, 
therefore, more likely to affect the asphyxial resistance of animals, 
such as c. au:t'atus, which have prolonged resistance. 
4.3.2 Displacement 
Experimental anoxia or hypoxia can be produced, and maintained, 
by passing deoxygenated water through sealed vessels to displace the 
aerated water. Townsend and Cheyne (1944) used artesian well-water as 
their deoxygenated water. Other workers have deoxygenated tap-water by 
vacuum degassing (Mount, 1964; Hill, Schnell and Eschelle, 1973), or by 
saturating it with nitrogen gas (Shepard, 1955; Blazka, 1958; Basu, 
1959; Whitmore, Warren and Doudoroff, 1960; Moss and Scott, 1961; 
Kutty, 1968, 1972; Burton and Spehar, 1971; Marvin and Burton, 1973; 
Petrosky and Magnuson, 1973; Sieffert, Spoor and Syrett, 1973). 
When measuring the anaerobic resistance of fish, it is 
preferable to use a continuous flow displacement system rather than 
asphyxiation, because the experimental conditions during the production 
and maintenance of anoxia can be defined and maintained at the pre-anoxic 
levels. A reproducible displacement can be achieved by using a rapid 
displacement so that the fish's respiration makes very little 
contribution to the reduction in oxygen concentration. 
The oxygen concentration within the chamber is governed by 
the oxygen concentration of the displacement \vater, and this can be held 
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within precise limits. The continuous flow of water through the chamber 
limits the accumulation of endproducts, and maintains the experimental 
conditions at levels dependent on the flow rate. 
For these reasons I have produced experimental anoxia by 
displacement. I deoxygenated tap-water by heating and saturating it with 
nitrogen (see 3.5). The deoxygenated tap-water was passed into the 
chambers of apparatus A (see 3.3.1) to produce and maintain the anoxia. 
There are several disadvantages in using this method of 
producing anoxia. The flow of water through the chamber may stimulate 
the fish to increase its physical activity and this may affect its 
anaerobic resistance (Mangum and Van Winkle, 1973). However, the flow 
rates I used during anoxia (2-4 1 h- 1) were similar to those which I 
had used during the 24 h of acclimation of the fish to the chamber. The 
fish were thus acclimated to the flows of water used during anoxia. 
A more rapid flow (5 1 h-1) was used to rapidly reduce the oxygen 
concentration in the chambers to less than 0.01 mg o2 1-l in one hour. 
The effect of this change in flow rate on the anaerobic resistance, has 
not been determined, however, the rapid flow was essential to rapidly 
reduce the oxygen concentration (see 4.3). 
The flow rate used also determined the concentrations of 
endproducts in the chambers during anoxia. I have not measured their 
concentrations directly, but I have measured the pH. The pH of the 
outlet water during anoxia was similar to that which occurred during 
chamber acclimation, and never fell below 6.5. 
Another potential disadvantage of the method stems from the 
fact that the fish are continuously supplied with water containing a 
certain concentration of oxygen. If the oxygen concentration is not 
low enough to prevent any significant oxygen consumption by the fish, 
it provides a constant source of oxygen during the survival period. 
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However, I carefully controlled the oxygen concentrations during anoxia 
at very low levels. 
4.4 The Rate of Reduction of the Oxygen Concentration 
It is impossible to produce an instantaneous anoxia without 
involving a transition which itself may affect an animal's behaviour 
(Dandy, 1970), or other responses, and so influence its anaerobic 
resistance (Kushins and Mangum, 1971; McMahon, Burggren and Wilkens, 
1974). The rate of reduction of the oxygen concentration determines 
the length of the transition period, and so affects the amount of 
oxygen consumed, and the relative contribution of hypoxic and anoxic 
resistances to the measured survival time. It may also affect the 
nature and extent of the animal 1 s responses to anoxia. There has been 
no general agreement whether a slow or a rapid reduction in oxygen 
concentration should be used. A rapid reduction, achieved by using a 
fast flow of deoxygenated water, or by transferring the animals from 
oxygenated to deoxygenated water, reduces the transition time, but 
may stimulate the animal 1 s physical activity. The alternate procedure 
of gradually replacing the oxygenated water with deoxygenated water 
leads to another set of complications because it increases the 
relative amount of hypoxia in the resistance period (Shepard, 1955; 
Dandy, 1970). Some of the wide variety of rates of reduction of the 
oxygen concentration that have been used to produce experimental 
anoxia and hypoxia are included in Table 4. Moss and Scott (1961) 
and Burton and Spehar (1971) achieved almost instantaneous hypoxia 
by transferring fish from aerated to deoxygenated water (Table 4). 
However, this causes considerable handling stress, which has effects 
similar to those of hypoxia on the fish (Moss and Scott, 1961; Burton 
and Spehar, 1971), and so is likely to influence its hypoxic or anoxic 
Table 4 
The Rates of Reduction of the Oxygen Concentration During Hypoxia and Anoxia used by Different Authors 
SPECIES TEMPERATURE CHANGE IN o2 LEVEL TIME REFERENCE 
Scyliorhinus canicula 12°c 100 mm Hg to 10 mm Hg 13 min Butler & Taylor (1971) 
(dogfish) 
Scyliorhinus canicula 12°c 130 mm Hg to 75 mm Hg 1 min Butler & Taylor (1971) 
(dogfish) 
Scyliorhinus canicula 12°c 130 mm Hg to 35 mm Hg 1 min Butler & Taylor (1971) 
(dogfish) 
Scyliorhinus canicula 12°c 130 mm Hg to 19 mm Hg 1 min Butler & Taylor (1971) 
(dogfish) 
Salvelinus fontinalis 10°C 11.0 ppm to 8.0 ppm 10 min Dandy (1970) 
(brook trout) 
Salvelinus fontinalis 10°C 11.0 ppm to 6.0 ppm 15 min Dandy (1970) 
(brook trout) 
Salvelinus fontinalis 10°C 11.0 ppm to 1.7 ppm 20 min Dandy (1970) 
(brook trout) 
Paralichth)s lethostigma 6°C 5.38 ppm to 1.09 ppm 25 min Deubler & Posner (1963) 
(flounder 
Paralichth)s Zethostigma 14°C 
(flounder 
3.86 ppm to 0.68 ppm 13 min Deubler & Posner (1963) 
Paralichth)s Zethostigma 25°C 3.51 ppm to 1.03 ppm 7 min Deubler & Posner (1963) 
(flounder 
Salvelinus fontinalis 8°C 9.0 ppm to 1.9-0.5 ppm < 10 min Shepard (1955) l.O ...... 
(brook trout) 
Table 4 Cont'd. 
SPECIES TEMPERATURE CHANGE IN o2 LEVEL TIME REFERENCE 
Lepomis macrochirus 25, 30 & 35°c varied instantaneous transfer ("shock") Moss & Scott (1961) 
(bluegill) 
Micropterus salmoides 25, 30 & 35°c varied 1 - 2 h ( 11 sudden 11 ) Moss & Scott (1961) 
(largemouth bass) 
Ictalurus punctalus 
(channel catfish) 
25, 30 & 35°c varied 0.5 ppm I day ("gradual") Moss & Scott (1961) 
Orconecteus virilis 19°C 130 mm Hg to 60 mm Hg 10 min ("rapid") McMahon et al. (1974) 
(crayfish) 
Orconecteus virilis 19°C 
(crayfish) 
130 mm Hg to 30 mm Hg 3 steps in 15 days ( 11 gradual 11 ) McMahon et al. (1974) 
SaZmo gairdneri 
(trout) 
5°C 11.9 ppm to 1.5 ppm 7 h Burton & Spehar (1971) 
SaZmo gairdneri 15°C 
(trout) 
9.4 ppm to 4.2 ppm 4.5 h Burton & Spehar (1971) 
Lepomis macrochirus 
(bl uegi 11) 
5°c 11.9 ppm to 0 ppm 8 h Burton & Spehar (1971) 
Lepomis macrochirus 
(bluegill) 
20°c 8.6 ppm to 0.5 ppm 7.5 h Burton & Spehar (1971) 
Ictalurus nebulosus 5°c 11.9 ppm to 0 ppm 8 h Burton & Spehar (1971) 
(catfish) 
IctaZurus nebuZosus 20°c 8.6 ppm to 0 ppm 8 h Burton & Spehar (1971) 
(catfish) I.Cl 
N 
Table 4 Cont 1 d. 
SPECIES 
trout, bluegill & 
catfish 
SaZmo gairdneri 
(Rainbow trout) 
Lepomis macrochirus 
(bluegill) 
IctaZurus nebuZosus 
(brown bullhead 
catfish) 
SaZmo gairdneri 
(Rainbow trout) 
Lepomis macrochirus 
( b 1 uegi ll) 
IctaZurus nebuZosus 
(brown bullhead 
catfish) 
TEMPERATURE 
5, 15 & 20°c 
12°c 
25°C 
25°C 
12°C 
25°C 
25°C 
CHANGE IN o2 LEVEL 
1.0 ppm 
100% of sat. to 20% of sat. 
100% of sat. to 20% of sat. 
100% of sat. to 20% of sat. 
11.0 ppm to 3.9 ppm 
7.6 ppm to 1.6 ppm 
7.6 ppm to 1.3 ppm 
TIME REFERENCE 
instantaneous transfer (11 shock 11 ) Burton & Spehar (1971) 
8 h ("gradual 11 ) Marvin & Heath (1968) 
8 h ( 11 gradual 11 ) Marvin & Heath (1968) 
8 h ( 11 gradual 11 ) Marvin & Heath (1968) 
67 min ( 11 rapid 11 ) Marvin & Burton (1973) 
60 min ( 11 rapid 11 ) Marvin & Burton (1973) 
60 min {11 rapid 11 ) Marvin & Burton (1973) 
\.0 
w 
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resistance. Ameer and Kutty (1974) have shown that handling causes a 
marked increase in the spontaneous activity of several species of fish. 
Usually the fish are acclimated to the test chambers before 
the oxygen concentration is reduced (Table 4). Slow or rapid flows of 
deoxygenated water are used to reduce the oxygen concentration to the 
desired level in times ranging from minutes to days (Table 4). Several 
major arguments have been used in support of either a gradual or sudden 
onset of hypoxia or anoxia, when studying resistance. These are 
outlined below. 
4.4.1 Natural Anoxia 
Moss and Scott (1961) and Burton and Spehar (1971) advocated 
the use of a gradual reduction in the oxygen concentration because 
sudden reductions do not occur naturally. The fastest natural 
depletion of oxygen under ice reported by Greenbank (1945) was a decline 
from 14 p.p.m. to 1 p.p.m. in 10 days at o0c. This corresponds with the 
slowest experimental reductions presented in Table 4. However, faster 
reductions in oxygen concentration may arise through the effects of 
pollution (Moss and Scott, 1961). 
4.4.2 Physical Activity 
Moss and Scott (1961) and Burton and Spehar (1971) advocated 
the use of gradual reductions in oxygen concentration because it 
produces a smaller activity response. Most species of fish increase 
their random activity and move towards the surface in response to 
hypoxia (Jones, 1952; Shepard, 1955; Blazka, 1958; Deubler and Posner, 
1963; Dandy, 1970; Lewis, 1970; Petrosky and Magnuson, 1973; Ameer 
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and Kutty, 1974). Dandy (1970) measured the spontaneous activity of 
brook trout (s. fontinalis) at several low oxygen concentrations. He 
found that at any particular oxygen concentration, the activity of the 
fish was greatest during the first hour (which included the period of 
oxygen displacement) and was reduced during the subsequent exposure to 
hypoxia. However, at any given time in the hypoxic period, the fish 
had greater activity at lower oxygen concentrations. Although 
inconclusive, his results suggest that the absolute oxygen level is 
the stimulus for activity rather than the rate of reduction of the 
oxygen concentration. In support of this, Petrosky and Magnuson (1973) 
found that the spontaneous activity of three species of fish was 
stimulated at a different specific oxygen concentration, although 
similar rates of reduction of the oxygen concentration were used. 
It is not the relative intensity of the activity stimulated 
by a particular rate of reduction of oxygen concentration which is 
important in influencing the hypoxic or anaerobic resistance of fish, 
I 
but the duration and relative proportion of the activity which is 
supported by anaerobic metabolism. The oxygen consumption of some fish 
actually increases during hypoxia, and this extra oxygen consumption 
partially supports the fish's increased activity. s. gairdneri, 
for example, initially increases its ventilation and physical 
activity, but decreases them at lower oxygen concentrations 
(Hughes and Saunders, 1970). During the period of oxygen depletion, 
the total oxygen consumption of the fish first rises (Hughes and 
Saunders, 1970) and then falls as the oxygen consumption becomes 
dependent on the oxygen concentration. The initial increase in the 
oxygen consumption is attributed to the increased metabolic cost of 
ventilation and physical activity (Hughes and Saunders, 1970; Shelton, 
1970). The subsequent decrease arises because there is a limit to 
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which the water flow through the gills can be increased, in the face 
of a decreasing utilisation and increasing cost of ventilation. The 
oxygen concentration at which the oxygen consumption becomes dependent 
on the oxygen concentration (the critical oxygen concentration) is 
governed by the activity of the fish (Shelton, 1970). Beamish (1964c) 
separated the cost of activity from that of ventilation, by 
simultaneously measuring the activity and oxygen consumption of brook 
trout (s. fontinalis), carp (Cyprinus ca1'pio), and goldfish (C. auratus) 
and calculating their standard metabolic rates. He found that although 
the routine oxygen consumption of each species fell progressively at 
oxygen concentrations below the critical level, the standard metabolic 
rate was increased for a period, before it too fell. The rise in the 
standard metabolic rate was apparently due to the increased cost of 
ventilation (Beamish, 1964c). 
When the activity of the fish is partially supported by 
anaerobic metabolism, it may directly contribute to the fish 1 s anaerobic 
resistance. Presumably this anaerobic metabolism is met from the same 
energy substrate reserves, and produces the same endproducts as that 
which supports the fish during its anaerobic survival. The substrate 
deficiency and endproduct accumulation incurred during the transition 
are presumably carried over into the anoxic period and so may directly 
influence the resistance. Beamish (1964c) found that the oxygen 
consumption of brook trout and carp during hypoxia was inadequate to 
account for all the activity stimulated. He suggested that a proportion 
of the cost of the increased activity was met by anaerobic metabolism. 
Ameer and Kutty (1974) demonstrated that the spontaneous activity of 5 
of the 6 species they studied, increased during hypoxia when their 
oxygen consumptions were declining. When c. auratus is forced to swim 
against a current at reduced oxygen concentrations its respiratory 
quotient increases from one to two, indicating that substantial 
anaerobic metabolism is occurring (Kutty, 1968). In this respect, 
a short period of intense activity may have a similar effect on 
the depletion of energy substrate reserves or on the accumulation 
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of endproducts, as does a long period of slight activity. It is, 
therefore, very difficult to justify using either a rapid or a slow 
reduction in oxygen concentration in relation to the physical activity 
stimulated, and its subsequent effect on the resistance of the fish. 
The activity response of c. auratus to hypoxia is much less 
than that of other species (Lewis, 1970). After an initial burst of 
activity, c. au:mtus becomes very inactive and remains motionless on 
the bottom of the test chamber (Lewis, 1970). Blazka (1958) reported 
a similar response in c. carassius. There is also some evidence that 
this decline in activity of c. aura-tus is mediated through a reflex 
response to low oxygen (Smit et al., 1971; Kutty, 1968b). c. auratus 
may, therefore, 11 switch off11 its physical activity, before substantial 
anaerobic metabolism can occur. The effects of the rate of reduction 
of the oxygen concentration on the activity response may, therefore, 
not be as important in c. auratus as it is in other species. 
4.4.3 Ventilation 
The rate of reduction of the oxygen concentration may also 
influence the anaerobic resistance by the amount of ventilation 
stimulated during the transition. The usual response of fish to 
hypoxia is to first increase, and then decrease, their ventilation rate, 
or volume, or both (examples: Shepard, 1955; Holeton, 1967; Watters, 
1974). Marvin and Heath (1968, 1973) found that the ventilatory responses 
of rainbow trout (S. gairdneri), bluegills (L. macrochirus), and brown 
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bullhead catfish (I. nebulosus), to 11 gradual 11 and 11 rapid 11 onset of 
hypoxia are generally similar, but they made no assessment of the total 
amount of ventilation (volume of water pumped) which occurred during 
the transition period. During gradual hypoxia, the ventilation rate 
of all three species initially increased, but then fell rapidly as the 
oxygen declined below 50%, 40% and 70% of saturation with rainbow 
trout, bluegill and brown bullhead catfish, respectively (Marvin and 
Heath, 1968). During rapid hypoxia there was no initial rise in the 
ventilation rate of any species, instead, it fell continuously. 
However, the initial increase was probably masked by the rapidity of 
the transition (Marvin and Burton, 1973). 
The decrease in the ventilation rate during hypoxia continues 
in many species until there is a complete respiratory collapse. 
Shepard (1955) observed such a collapse in brook trout. Marvin and 
Heath (1968) observed a similar respiratory collapse in trout, bluegill 
and brown bullhead catfish, when the oxygen concentrations fell to 
25%, 13% and 5%, of saturation, respectively. The catfish showed 
extended periods of apnoea at somewhat higher oxygen tensions which 
preceded the collapse. It has been postulated that this respiratory 
failure and eventual collapse is due to the direct action of the 
oxygen deprivation on the muscles or nerves of the respiratory 
apparatus (Watters and Smith, 1973), presumably because of the 
inefficiency of anaerobic metabolism, the exhaustion of an energy 
reserve, or the accumulation of an endproduct. In this respect, the 
end result of either a short period of intense ventilation, or a 
longer period of less intense ventilation may be the same, so that the 
rate of reduction may have very little effect on the anaerobic 
resistance. However, Marvin and Burton (1973) noticed that after a 
period of rapidly induced hypoxia, the ventilation rates of trout, 
bluegill and catfish recovered almost immediately the oxygen was 
reintroduced. A rapid recovery is inconsistent with the hypothesis 
that the respiratory collapse is due to the direct effects of the 
oxygen lack on the respiratory muscles or nerves. The recovery from 
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a collapse of this kind would be more gradual (Marvin and Burton, 1973} 
and would be largely dependent on aerobic metabolism, and the 
availability of oxygen. Their results suggest that the respiratory 
collapse is a reflex response to low oxygen concentrations (Marvin and 
Burton, 1973). The reflex nature of this response is important in the 
present context because there will be a shutdown of the ventilation 
when the oxygen concentration falls below a certain critical level. 
The amount of ventilation that occurs during the transition period 
wi 11 then depend upon the time it takes for the oxygen concentration 
to fall to this critical level. Therefore, a more rapid transition 
would be expected to involve a smaller amount of ventilation. There 
are, however, complications, for the amount of ventilation which occurs 
partly governs both the oxygen consumption and the oxygen requirements 
of the fish during the transition. A rapid drop in the oxygen tension 
may reduce the ventilatory activity, but the resistance may be shorter 
because less oxygen can be consumed at low oxygen concentrations. 
Once again, it would appear that it is not the relative 
intensity of the ventilation, stimulated by a particular rate of 
reduction of oxygen concentration, which is important, but the 
proportion of the ventilation which is supported by anaerobic metabolism, 
and how long it continues. Beamish (1964c) and Fry (1971) have 
suggested that a proportion of the cost of ventilation during hypoxia 
is met anaerobically. This suggestion is supported by the following 
observations: 
a). A large increase in the ventilation volume of the starry 
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flounder (PZatichthys steZZatus) and the striped mullet (MugiZ 
cephaZus) occurs during hypoxia without any observable increase in 
oxygen consumption. It is possible, however, that the increased cost 
of ventilation may be met, either at the expense of a reduction in the 
metabolic costs for some other function, or through the energy needs 
of some other function being met by anaerobic metabolism (Cech and 
Wohlschlag, 1973). 
b). The ventilation volume of the tench (Tinca tinca) is 
maintained or increased during the period of respiratory dependence 
when its oxygen consumption is decreasing (Eddy, 1974). 
c). IctaZurus nebuZosus continues to ventilate its gills 
during anoxia, after its oxygen consumption has ceased (Grigg, 1969). 
d). Lactate has been found in the blood of a number of fish 
following a period of hypoxia, which has been partially attributed to 
the anaerobic support of the ventilation and physical activity 
(Heath and Pritchard, 1965; Burton and Spehar, 1971; Eddy, 1974). 
In conclusion, no clear relationship between the rate of 
reduction of the oxygen concentration, the amount of ventilation 
stimulated, and the anaerobic resistance of fish can be established 
from the very limited information available (Hughes, 1973). 
4.4.4 Acclimation to Low Oxygen 
An important effect of the rate of reduction of oxygen 
concentration on the hypoxic or anoxic resistance is mediated through 
the acclimation of fish to low oxygen concentrations during the 
transition period. Acclimation to low oxygen concentrations has been 
shown to occur in a wide variety of animals, including the mudsnail 
(Nassarius) (Kushins and Mangum, 1971), the crayfish (Orconecteus viriZis) 
(McMahon, Burggren and Wilkens, 1974), some mammals (Lenfant, 1973), 
and several species of fish (Shepard, 1955; Barr, 1957; Prosser, 
1957; Moss and Scott, 1961; Beamish, 1964c). 
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Acclimation to low oxygen in fish has several effects which 
may influence their hypoxic or anoxic resistance. Acclimation to low 
oxygen increases both the tolerance and resistance of brook trout to 
reduced oxygen concentrations, although the minimum resistance to very 
low levels is unaffected (Shepard, 1955). Both the oxygen affinity and 
capacity of the blood of the eel (Anguilla anguilZa) are increased by 
acclimation to low oxygen (Wood and Johansen, 1972, 1973). Acclimated 
goldfish (Prosser, 1957) and brook trout (Shepard, 1955) have an 
increased ability to extract oxygen at low oxygen concentrations. 
There is also some evidence that the total oxygen requirements of 
goldfish (c. auratus) are reduced by acclimation (Prosser, 1957; 
Kutty, 1968b; Fry, 1971). · Barr (1957) and Beamish (1964c) have 
suggested that the decrease in the oxygen requirements involves, 
not only a reduction in the amount of physical activity, but also 
a reduction in the standard oxygen consumption. Acclimation to low 
oxygen concentrations in fish, therefore, involves both an increase in 
the ability to extract oxygen from the water at low oxygen concentrations, 
and a reduction in the oxygen requirements. Their combined effect would 
be to increase the experimental resistance time. The acclimated fish 
would consume more oxygen during the transition period, and would 
presumably have lower energy requirements during anaerobiosis. Acclimation 
may also affect the fish 1 s ability to produce its energy anaerobically, 
or in some other way to increase its anaerobic resistance. 
It is quite likely that substantial acclimation to low oxygen 
concentration could occur, if gradual reductions in the oxygen 
concentration are used when measuring the anaerobic resistance of fish. 
102 
The acclimation of brook trout to 3.8 mg o2 1-
1
, as measured by the 
change in their resistance to hypoxia, is about 95% complete in 100 h, 
and more than 50% complete in 24 h, at a.s0c (Shepard, 1955). 
Substantial differences in the oxygen consumption of goldfish (c. auratus) 
at low oxygen concentrations occur following an acclimation period of 
between 24 and 96 hat 21°c (Beamish, 1964c). It is, therefore, quite 
conceivable that the resistance of c. auratus may be affected by 
acclimation to low oxygen concentrations during a gradual reduction in 
oxygen concentration over, say, a 24 or 48 h period. 
4.4.5 Conclusion 
I have used a rapid displacement of the dissolved oxygen when 
measuring and studying the anaerobic resistance of c. auratus. I did 
this primarily to prevent any acclimation to low oxygen tensions occurring 
during the reduction in oxygen concentration. Although a gradual 
reduction is more likely to occur under natural conditions, where it may 
be of considerable importance to the survival of the fish, a rapid 
reduction is easier to reproduce from experiment to experiment, and the 
conditions are better defined. I decreased the oxygen concentration 
from saturation to anoxia (that is, below 0.01 mg o2 1-
1) in one to 
two hours. This rate is intermediate in the range of rates used by 
other workers (Table 4). It required f'low rates of deoxygenated water 
between 4 and 5 litres an hour, which were about twice those used during 
chamber acclimation and during anoxia. I have already discussed the 
implications of using rapid hypoxia, and of the increase in the flow 
rate required with respect to the amount of activity and ventilation 
stimulated during the transition. The need to avoid acclimation effects 
outweighed the disadvantages of using an increased flow rate to reduce 
the oxygen concentration. 
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4.5 Resistance Time 
I did not measure the resistance times of c. auratus from the 
onset of the displacement, but from the point when the oxygen 
concentration reached 0.01 mg o2 1-
1
, or the oxygen concentration of 
the test. A rapid flow of deoxygenated water was routinely continued 
for one hour. The flow was then reduced, and water samples were 
collected at half-hourly intervals. The oxygen concentration of the 
first sample usually met the above requirements, so the resistance was 
usually measured from one and a half hours after the onset of the 
displacement, to the point of death. The variations inherent in this method 
had only a minor effect on the results, because the survival times were 
long (the mean survival time was greater than 8 h), and there was a 
large variation in the resistances of individual fish. Shepard (1955) 
defined the resistance of brook trout in a similar way. The survival 
was said to begin when the oxygen concentration in the chamber had 
fallen to 2.0 mg o2 1-
1
, which usually occurred about 3 min after the 
onset of the displacement. The lower oxygen concentrations I used were 
more appropriate for c. auratus because of their greater tolerance and 
resistance to oxygen deficiency. 
4.6 Oxygen Concentration during Anoxia 
I have already mentioned the precautions I took in designing 
and using the deoxygenation and the experimental apparatuses to ensure 
that the oxygen concentrations during anoxia were very low. In this 
way, I sought to reduce the fish's oxygen consumption during anoxia to 
insignificant levels, and so fulfill the requirements of my definition of 
11 anoxia 11 (see 2.2). The oxygen concentrations I used during anoxia were 
-1 always less than 0.01 mg o2 l 
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Considerably higher 11 anoxic 11 oxygen concentrations have been 
used by other workers who claimed that the oxygen consumption of fish 
_and other animals ceases at threshold oxygen concentrations, which are 
significantly above zero. Blazka (1958) measured the anaerobic 
resistance of c. carassius, using oxygen concentrations which were 
defined as being below the so called "residual level". This he defined 
as the "concentration of oxygen in the water which cannot be further 
lowered by the animal 11 • The term 11 residual level" was derived from 
the method used to determine it. The residual oxygen concentration 
refers to the concentration of oxygen remaining in a sealed vessel 
after an animal has died from asphyxiation. It does not necessarily 
follow, as Blazka (1958) claimed, that the residual oxygen concentration 
represents the oxygen concentration below which an animal is unable to 
consume oxygen. However, if this can be established, the residual 
oxygen concentration can be used to define anoxia. 
Residual oxygen concentrations have been determined for a 
number of species of fish (Hall, 1930; Fry, Black and Black, 1947; 
Blazka, 1958; Hart, 1968; Grigg, 1969; Lewis, Wal key and Dartnall, 
1972) and for some invertebrates (Magnuson and Van Winkle, 1973). The 
residual oxygen tension of c. auratus depends on the temperature and 
carbon dioxide tension of the asphyxiation (Fry, Black and Black, 1947). 
At minimal carbon dioxide tensions (<40 mm Hg co2), the residual oxygen 
tension of C. auratus is about 3.5 mm Hg (about 0.5% of saturation) at 
7°C, and 7.5 mm Hg (about 1% of saturation) at 20°c (Fry, Black and Black, 
1947). Blazka (1958) stated that the residual oxygen tension of several 
cyprinids, including c. carassius, was practically independent of 
temperature, and was about 0.3 mg o2 1-l (about 3% of saturation between 
o0c and 25°c). This data suggests that c. auratus would be effectively 
11 anoxic 11 at oxygen concentrations far higher than those I have used 
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(0.01 mg o2 1-
1
, about 0.01%, and 0.015% of saturation at 1a0c and 5°c, 
respectively). However, there is some doubt whether the residual 
oxygen tension does in fact represent the minimum oxygen tension for 
oxygen consumption. 
There have been a variety of conflicting explanations for the 
existence of the residual oxygen tension in fish. Shepard (1955) 
claimed that the residual oxygen tension of s. fontinalis arises from 
the collapse of the respiratory system at oxygen tensions very near 
the residual tension. In contrast to this, Grigg (1969) found that 
I. nebulosus continues to ventilate, and perfuse, its gills with water 
and blood at the residual oxygen tensions. He suggested that it is 
the reduced oxygen affinity of the blood that limits oxygen consumption 
at this tension {Grigg, 1969). However, the oxygen affinity of the 
blood is apparently not responsible for the residual tension of 
c. auratus, for Anthony (1961) found that the residual level was not 
affected when almost 99% of its haemoglobin had been rendered inactive 
with carbon monoxide. 
Similarly, there is no clear explanation for the residual 
oxygen levels of invertebrates. Mangum and Van Winkle (1973) observed 
an apparent 11 shut-down 11 of aerobic metabolism in a number of invertebrates 
before the oxygen in the asphyxiation apparatus was completely exhausted. 
While this gave rise to a residual level characteristic of the species, 
it did not necessarily represent the inability of the animal to extract 
oxygen at this level. When the animals were returned to aerobic 
conditions and again asphyxiated, there was a ~ompensatory shift of the 
residual level to lower oxygen concentrations {Mangum, 1970). In a few 
species, such as the mudsnails (Nassarius obsoletus and N. trivittatus), 
the clam (Rangis cuneata) and the holothurian (Thyone briareus), the 
shutdown of aerobic metabolism at a specific oxygen concentration was 
106 
only temporary, and after a few hours the animals resumed their oxygen 
consumption (Mangum and Van Winkle, 1973). The residual oxygen 
concentration of invertebrates also depends on the rate at which the 
hypoxia is experienced (Kushins and Mangum, 1971). When the decline 
in oxygen concentration is rapid, an aerobic shutdown is stimulated; 
when it is slow, the oxygen in the asphyxiation vessel is almost 
totally consumed (Kushins and Mangum, 1971). 
There is additional uncertainty in the concept of a residual 
oxygen concentration because of the variation in its value when 
different methods are used. When fish are sealed in a relatively small 
volume of water and the oxygen is depleted rapidly, lower residual 
levels are obtained than when large volumes and slower depletion rates 
are used (Shepard, 1955). The residual oxygen concentration obtained 
with a rapid depletion appears to correspond with the oxygen concentration 
at which the ventilation collapses (Shepard, 1955). With larger volumes 
of water, the residual level obtained is much higher, being in the 
vicinity of the incipient lethal level (Shepard, 1955). This difference 
in the value of the residual level with the volume of water used for 
the asphyxiation, again suggests that although the residual level 
represents the oxygen concentration at which the fish dies, it does not 
necessarily represent the minimum oxygen concentration at which the 
fish can consume oxygen. The fish may die while still possessing an 
ability to extract oxygen at that level, or indeed, while still 
consuming oxygen. The residual oxygen level depends upon the fish 1 s 
continued oxygen consumption while it is dying (Fry, Black and Black, 
1947). Hall (1930) noticed that the fish species with the greatest 
anaerobic resistance and least activity (that is, with the least oxygen 
requirements and energy cost for activity) had the lowest residual levels. 
This suggests that the value of the residual level may simply depend on 
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how long the fish remains alive to continue to consume oxygen during 
hypoxia. In a large volume of water, the fish will die before it can 
deplete the oxygen concentration of the water much below the incipient 
lethal level. In a smaller volume of water, the fish's oxygen 
consumption during its resistance to the declining oxygen concentrations 
will have a far greater effect on the oxygen concentration and a lower 
residual oxygen concentration will be found. Kushins and Mangum (1970) 
found the opposite relationship between the residual level and the rate 
of depletion in some invertebrates. Higher residual levels were found 
with more rapid depletions. There is, therefore, no simple explanation 
for the presence of residual levels in various animals. 
With uncertainty involved in both measuring the residual 
oxygen tension, and in defining what it represents in terms of an 
animal 1 s capacity to consume oxygen at low oxygen concentrations, I 
have neither attempted to measure the residual level of c. au:t'atus, 
nor assumed that the values reported by Fry, Black and Black (1947) 
and Blazka (1958) were correct. The oxygen concentrations I used 
during anoxia were selected after I conducted some preliminary 
experiments in which I measured directly the oxygen consumption and 
resistance of c. a'UX'atus at several low oxygen concentrations. 
4.6.1 Oxygen Consumption at Low Oxygen Concentrations 
4.6.1.1 Procedures 
The experiments were conducted during March and April, 1972. 
The fish used had a mean wet weight of 34 g (range 25 to 46 g), and had 
been acclimated to the test temperature of 18°C for at least one month. 
The oxygen consumption of a separate group of three fish was measured 
over an 8 h period at each of 6 oxygen concentrations (0.08, 0.09, 
-1) 0.19, 0.23, 0.39, and 0.51 mg o2 1 . These oxygen concentrations 
covered the range of residual oxygen concentrations expected on the 
basis of the work of Fry, Black and Black (1947) and Blazka (1958). 
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The fish were placed singly into one of three chambers of apparatus A 
and they were acclimated to the chamber conditions for 24 h with a 
flow of aerated water of 2 1 h-1. After acclimation, a water sample 
was collected from each of the chamber outlets and the inlet blank 
tube, each hour between 0600 and 0900 hours. The aerobic oxygen 
consumption of the fish was calculated from the difference in oxygen 
concentration between the inlet and outlet samples, the flow of water 
through each chamber, and the wet weight of the fish. The results for 
the six groups of three fish were pooled and the results expressed as 
the mean (± 1 s.e.) oxygen consumption (mg o2 g-l h-
1). While these 
samples were being taken, the deoxygenation apparatus was set up, and 
the flows of nitrogen and oxygen entering the column adjusted to 
produce the desired oxygen concentration of the deoxygenated water. 
Water was run through the column for one hour, at a rate similar to that 
used to maintain the hypoxia in the chambers, to ensure that the water 
produced by the column had a stable oxygen concentration throughout 
the experimental period. A small amount of carbon dioxide was also 
added to the nitrogen to adjust the pH of the deoxygenated water to that 
of the aerated water used during the acclimation of the fish to the 
chambers. At about 0900 hours, deoxygenated water was directed through 
the chambers at an initial rate of 4 litres an hour to rapidly displace 
oxygen from the chambers. The flow rate was then reduced to 2 litres an 
hour. The first sample was collected after a further 30 min, and samples 
were then collected hourly over the subsequent 8 h. Samples were collected 
from each of the chamber outlet tubes and from the inlet blank tube. 
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The mean value of the oxygen concentration of the inlet water was used 
when calculating the oxygen consumption of the fish. An oxygen 
consumption was calculated for each of the three fish at hourly 
intervals, and all the results were pooled to calculate the mean 
(± 1 s.e.) oxygen consumption of the fish at each respective oxygen 
concentration. This pooling of the results over the 8 h period was 
justified as there did not appear to be any significant change in 
oxygen consumption. 
4.6.1.2 Results and Discussion 
There was a small oxygen consumption at all the oxygen 
concentrations between 0.08 mg o2 1-l (about 1% of saturation at 1a
0c) 
and 0.51 mg o2 1-l (about 6% of saturation at 18°C) (Figure 6). The 
limited results presented suggest that the oxygen consumption of 
c. auratus is linearly related to the oxygen concentration. 
Fry, Black and Black (1947) found a residual oxygen level for 
c. auratus at a minimal carbon dioxide concentration, equivalent to 
about 1% of saturation at 20°c. Blazka (1958) stated that the residual 
level of a variety of cyprinids was independent of temperature and 
was about 4% of saturation. I have demonstrated that c .. auratus 
consume small amounts of oxygen at both these concentrations. Therefore, 
my results show that the residual level of c. auratus is not derived 
from their inability to consume oxygen. Consequently, the residual 
level cannot be used to define reliably, the oxygen concentrations 
required to render c. auratus anoxic. 
The amounts of oxygen consumed are very small, compared with 
the fish 1 s aerobic oxygen consumption. At 0.51 mg o2 1-l the oxygen 
consumption was 0.4 ug o2 g-l h-
1
, which was only about 0.5% of the 
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Figure 6 
The oxygen consumption of c. auratus at low oxygen 
concentrations. Three fish were used to obtain each of the oxygen 
consumption values presented. Eight separate determinations for each 
fish were obtained over an 8 h period; the results were pooled and 
presented as the mean (± 1 standard error) oxygen consumption (N = 24). 
The oxygen concentrations (x axis) are the means of 8 determinations 
of the inlet oxygen concentrations taken throughout the hypoxic period. 
There was very little variation in the oxygen concentrations throughout 
this period (coefficient of variation was always less than 5%). The 
pH of the outlet water was between 6.9 and 7.5 before and during 
hypoxia. The straight line was fitted by eye. 
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aerobic consumption, 89 ug o2 g-l h-l It is possible that this small 
oxygen consumption is insignificant in prolonging the resistance of 
the fish, or perhaps that the oxygen is not being consumed by the fish 
at all, but by microorganisms associated with it. To resolve these 
problems, I measured the resistance of c. auratus to two low oxygen 
concentrations within the same range, and compared the results to 
the resistance at extremely low oxygen concentrations. 
4.6.2 Resistance at Low Oxygen Concentrations 
4.6.2.1 Procedures 
The resistances of c. auratus to low oxygen and anoxia were 
measured in March with fish having a mean wet weight of 39 g (range 25 
to 51 g). A sample of 34 fish was used to determine the resistance to 
anoxia (0.008 mg o2 1-
1), and one of 12 fish to determine the resistance 
-1) to the other oxygen concentrations (0.11 and 0.18 mg o2 1 . Up to 
four fish were placed in each of three 3.5 litre chambers in apparatus A. 
A flow of aerated water between three and four litres an hour was used 
during the 24 h acclimation of the fish to the chamber, and a similar 
flow of deoxygenated water was used during the resistance period. A 
faster flow of 5 litres an hour was used while the oxygen concentration 
in the chambers was rapidly reduced over a one hour period. The flow 
of deoxygenated water was always begun at 0930 hours. The oxygen 
concentration of the inlet and outlet water from each of the chambers 
was measured hourly. 
The cumulative percentage mortality of c. auratus is plotted 
on an arithmetic scale against exposure time. This gives a sigmoidal 
curve (Figure 7). A linear relationship is produced when the cumulative 
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percentage mortality ·js plotted on a probability scale against exposure 
time. In this procedure I followed the recommendation of Sprague {1969) 
and the practice of Shepard {1955). Unlike these workers, however, 
I found that a linear relationship was produced with an arithmetic, 
rather than a logarithmic, time scale. The median resistances were 
calculated graphically as shown in the respective Figures. When 
giving the median resistance times, I have quoted those obtained from 
the probit plots because of their greater accuracy and precision 
(Sprague, 1969). 
4.6.2.2 Results and Discussion 
The resistance of c. aur1atus is clearly increased by the very 
small amounts of oxygen it consumes at 0.11 and 0.18 mg o2 1-l (Figure 7). 
The median anaerobic resistance was 7 h, and that at the higher oxygen 
concentrations was between 13 and 14 h. There was quite a spread of 
the points for the hypoxic resistance, nevertheless, the difference in 
resistance is clearly significant. These results are in direct contrast 
with those obtained by Shepard {1955). He found that the resistance 
of speckled trout {s. fontinalis) declined with a decrease in oxygen 
-1 concentration only to a level of 0.5 mg o2 1 There was no further 
reduction in the resistance below this point (Shepard, 1955). 
These preliminary results demonstrate the importance of 
obtaining very low oxygen concentrations when measuring the anaerobic 
resistance of animals. They also show that the use of the residual 
oxygen level to define anoxia may be quite unreliable. The oxygen 
concentrations I used during anoxia were always less than 0.01 mg o2 1-
1
, 
which is some ten times 10\~er than the oxygen concentrations used in 
previous experiments. 
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Figure 7 
The resistance of c. auratus to low oxygen concentrations. 
The resistances were measured at 18°C with fish having a mean wet weight 
of 39 g. The flow of deoxygenated water was begun at 0930 hours. The 
oxygen concentrations presented are each the means of at least 24 
determinations (8 for each of three chambers). The mean pH of the water 
leaving the chambers was 7.0. The resistances were measured by placing 
4 fish into each of three 3.5 litre chambers in apparatus A. The 
cumulative percentage mortality is plotted on both an arithmetic and 
probability scale against exposure time. The sigmoidal curve and 
straight lines were fitted by eye. The median resistances were 
calculated graphically as shown in the Figure. 
-0 
0 
QJ 
-0 
-c: 
QJ 
u 
.... 
Q) 
Cl.. 
QJ 
0 
u 
"' 
>.. 
-
-
-0 
0 
-0 
0 
.... 
a.. 
-c' 
0 
QJ 
-0 
-c: Q) 
u 
.... 
Q) 
Cl.. 
100 
80 
60 
40 
20 
0 4 
100 
98 
l8°C March 
Wet weight 25-51 g 
/"" 
/ 
• 
8 12 
/ 
16 
... 
/ 
20 
. /• / ... . 
80 ... ... -------
60 • ti ·------- • i--~~~~~~ • .>;.-~~~---a.,_-
40 &.;,,. •• 
"-20 ........... ·-:.-. 
•• • ? 2 
0 4 8 12 16 20 
Time, h 
24 
24 
• Oxygen 0.008 mg 1-1 
pH 7.0 34 Fish 
• Oxygen 0.11 mg 1-1 
pH 7.0 12 Fish 
• Oxygen 0.18 mg f-l 
pH 7.0 12 Fish 
114 
The large effect of such small oxygen consumptions on the 
resistance of c. auratus to low oxygen concentrations suggests, either 
that the metabolic rate of the fish is greatly reduced during anoxia, 
or that some mechanism exists for conserving the small amount of 
oxygen for consumption by the most sensitive tissues. I have examined 
the metabolic rate of c. aUY'atus in Chapter 9, and oxygen storage in 
Chapter 6. The continuation of the ventilation of the gills during 
anoxia at very reduced rates and amplitude, perhaps contributes to the 
fish's ability to continue to consume oxygen at low oxygen 
concentrations (Chapter 7). 
4.7 Hydrogen Ion and Carbon Dioxide Concentrations during Anoxia 
When describing the deoxygenation apparatus, I pointed out 
that the deoxygenation procedure effectively removes dissolved carbon 
dioxide as well as oxygen. This causes a large increase in the pH from 
about 7.5 to 9.8. Most workers have completely ignored these changes 
in carbon dioxide and pH, and no attempt has been made to eliminate them, 
or to compensate for them, when studying the resistance of animals to 
low oxygen concentrations. Similar pH changes during deoxygenation we~e 
noticed by Mahdi (1973) and Petrosky and Magnuson (1973). Mahdi (1973) 
claimed that an increased pH resulted from boiling to remove the 
dissolved oxygen, but not from saturation of the water with nitrogen. 
In contrast, Petrosky and Magnuson (1973) found that their saturation 
procedure reduced the free carbon dioxide concentration by an amount 
proportional to the flow of nitrogen. There have been several attempts 
to adjust the pH to avoid the possible effects of this pH change. 
Prosser (1957) added a small amount of carbon dioxide to the nitrogen/ 
oxygen gas mixture he used during the acclimation of c. aUY'atus to low 
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oxygen concentrations. Basu (1959) and Kutty (1968) both added carbon 
dioxide to the deoxygenated water when measuring the oxygen consumption 
of c. auratus at low oxygen concentrations. However, there has been no 
study made of the effects of the change in carbon dioxide concentrations 
and pH produced during deoxygenation, on the anaerobic resistance of 
c. auratus. I, therefore, measured the anaerobic resistance of c. auratus 
when no adjustment was made to the pH, and when the pH was adjusted to 
that of the aerated water used during the acclimation of the fish to the 
chambers. 
4.7.1 Procedures 
Two groups of fish with similar weight distributions were 
selected. The anaerobic resistances of one group of 27 fish was 
measured at 1a0c without adjusting the pH of the deoxygenated water. 
A flow of pure nitrogen through the deoxygenation column reduced the 
pH of the water in the chamber from about 7.5 to 9.8 (Figure 8). The 
anaerobic resistance of the other group (22 fish) was measured when the 
pH of the water in the chambers was maintained at a constant value 
throughout the acclimation and during anoxia. The pH of the deoxygenated 
water was adjusted by tontinuously mixing small amounts of carbon dioxide 
into the flow of nitrogen gas before it entered the deoxygenation column. 
The flow of carbon dioxide required to produce the desired pH of the 
water was determined before the deoxygenated water was directed through 
the chambers. The flows of nitrogen and carbon dixoide were regulated 
with Rotameter gas flow meters. 
The resistance of the fish was determined by placing single 
fish in each of the 4 chambers of apparatus A. A water flow of 2 1 h-l 
was used during the 24 h acclimation of the fish to the chambers, 
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and during the period of anoxia. -1 A water flow of 4 1 h was used during 
the rapid displacement of the oxygen in the chambers. 
The pH and oxygen concentrations of the outflow water from 
each of the chambers was measured hourly, and the mean values 
calculated for each fish whose resistance was determined. The mean pH 
and oxygen concentrations obtained in the different experiments were 
pooled to calculate the values presented in Figure 8. 
4.7.2 Results and Discussion 
The median anaerobic resistance of c. auratus at pH 7.5 
was 11.4 h, and that at pH 9.8 was 4.8 h. Therefore, the removal of 
the carbon dioxide from the deoxygenated water substantially reduced 
the anaerobic resistance of c. auratus. Although there was some 
difference in the mean weights of the two groups of fish and in the 
anaerobic oxygen concentrations (Figure 8) the differences were too 
small to have accounted for the difference in resistance. In 
accordance with my stated aim of producing experimental anoxia without 
otherwise changing the conditions, I have routinely maintained the 
pH of the deoxygenated water at that of the aerated water used during 
the acclimation of the fish to the chambers, when studying the 
anaerobic resistance of c. auratus. 
4.8 Conclusion 
The previous discussion of the experimental procedures for 
examining the anaerobic resistance of fish, and the results of the 
preliminary experiments, emphasise the importance of defining and 
and controlling the experimental conditions during the production and 
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Figure 8 
The effect of hydrogen ion / carbon dioxide concentration on 
the anaerobic resistance of c. auratus at 18°C. The mean oxygen 
concentrations of the deoxygenated water were similar in each case. 
The pH of the deoxygenated water was adjusted by mixing carbon dioxide 
with the nitrogen used in the deoxygenation column. The pH of the water 
entering the chambers was measured hourly. The pH value presented, is 
the mean calculated from all measurements taken during the resistance 
periods. The range of pH 1 s that occurred in separate experiments was 
9.6 to 9.9 and 7.4 to 7.6. The 27 fish tested at pH 9.8 had a mean wet 
weight of 103 g (range 75 to 156 g) and the 22 fish at pH 7.5 had a 
mean wet weight of 87 g (range 70 to 112 g). The resistances were 
measured by placing single fish into each of the four chambers of 
apparatus A. The cumulative percentage mortality is plotted·on both 
an arithmetic and probability scale against exposure time. The sigmoidal 
curves and the straight lines were fitted by eye. The median resistances 
were calculated graphically as shown in the Figure. 
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maintenance of anoxia. The specific procedures I used when determining 
the anaerobic resistance of c. auratus and examining its resistance 
mechanisms, were identical with those outlined except when the 
requirements for a particular experiment were contrary to this. The 
details of any particular departures from the general procedures have 
been given in the appropriate Section. The use of a specific set of 
procedures and conditions means that a study of the effects of the 
rate of reduction of the oxygen concentration, of the acclimation of 
the fish to low oxygen concentrations, of carbon dioxide and pH, on 
the anaerobic resistance of c. auI'atus are beyond the scope of this 
thesis. 
Chapter 5 The Anaerobic Resistance of c. auratus 
5.1 Procedures 
5.2 Results 
5.3 Discussion 
page 
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Chapter 5 
The Anaerobic Resistance of c. auratus 
5.1 Procedures 
The anaerobic resistance of c. auratus was measured during 
Spring and Autumn, at two temperatures, 1s0c and 5°c. The methods 
used were similar to those described in Section 4.6.2.1. 
5.2 Results 
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At 1s0c, the median resistance was 7 h in February, and 34 h 
in November (Figure 9). At 5°c, the resistances in both Spring and 
Autumn were considerably greater; 11 h in March, and 75 h in October 
(Figure 10). 
I have plotted the resistances of individual fish tested at 
1s0c in February (Figure 11), and those tested at 5°c in March (Figure 
12), against their wet weights. There were insufficient numbers to 
establish reliably the relationship between wet weight and resistance, 
but the results presented suggest that larger fish have relatively 
greater resistance at 1s0c, but smaller resistance at 5°C. 
There was, likewise, insufficient data to establish whether 
there is a sexual difference in resistance. 
5.3 Discussion 
The anaerobic resistance of c. auratus at 1s0c is similar to 
that which Blazka (1958, 1960) claimed for c. carassius at 15-20°C 
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Figure 9 
The anaerobic resistance of c. auratus at 18°C. The 
resistances of 34 fish (mean wet weight 27.5 g, range 7 to 69 g) in 
February, and 15 fish (mean wet weight 29.8 g, range 20 to 45 g) in 
November, are presented. In each experiment, the flow of deoxygenated 
water was begun at 0930 hours, following 24 h acclimation of the fish 
to the chamber. Three or four fish were placed in each of three 
chambers in apparatus A. The oxygen concentrations presented are the 
means of at least 24 determinations of the outflow water (8 for each 
of the three chambers). There was a difference in the mean oxygen 
concentrations in February and November. However, both the oxygen 
concentrations were very low and the results of previous experiments 
(see 4.6.2) suggest that this difference would be insignificant. 
The mean pH of the water leaving the chambers was similar in 
February and November. The cumulative percentage mortality is plotted 
on both an arithmetic and a probability scale against exposure time 
(hours). The sigmoidal curves and straight lines were fitted by eye. 
The median resistances were calculated graphically as shown in the 
Figure. 
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Figure 10 
The anaerobic resistance of c. auratus at 5°C. The resistance 
of 19 fish (mean wet weight 37.2 g, range 20 to 62 g) in March, and 27 
fish (mean wet weight 34.3 g, range 22 to 57 g) in October, are 
presented. In each experiment the flow of deoxygenated water was begun 
at 0930 hours following 24 h acclimation of the fish to the chambers. 
Three or four fish were placed into each of three chambers in 
apparatus A. The mean oxygen concentrations and pH of the outflowing 
water in March and October were similar. The cumulative percentage 
mortality is plotted on both an arithmetic and a probability scale 
against exposure time (hours). The sigmoidal curves and straight lines 
were fitted by eye. The median resistances were calculated 
graphically as shown in the Figure. 
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Figure 11 
The relationship between the wet weight of c. auratus and its 
anaerobic resistance at ia0c in February. Each point represents a 
single fish. The results plotted are identical with those plotted in 
Figure 9. The results suggest that larger fish have greater anaerobic 
resistance. 
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Figure 12 
The relationship between the wet weight of c. auratus and 
anaerobic resistance at s0c in March. Each point represents a single 
fish. The results plotted are identical with those plotted in 
Figure 10. The results suggest that smaller fish have greater 
anaerobic resistance. 
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(2 h in Spring and 33 h in Autumn), but the resistance of c. auratus 
at s0c is considerably less (2 months under experimental conditions and 
5 months under natural conditions, during Winter). The shortcomings of 
Blazka's estimates have already been discussed (see Chapter 1). The 
anaerobic resistance of c. auratus is, nevertheless, remarkable for a 
fish, and a vertebrate (Appendix 1). This is particularly so because 
my results were obtained under the most stringent experimental 
conditions. Under natural conditions, the decline in oxygen 
concentration is usually much slower than I used in the experiments, 
and the anaerobic resistance of c. auratus may be further prolonged 
by acclimation to low oxygen. The results of the preliminary 
experiments presented in Sections 4.6.1 and 4.6.2 show that c. auratus 
can continue to consume oxygen at very low concentrations, and that a 
minute consumption of oxygen considerably extends its resistance. 
Therefore, c. auratus can make full use of any oxygen that is 
periodically or discretely available in their environment during natural 
oxygen depletions. There is a need for further study of the effects of 
acclimation to low oxygen, and the consumption of very small amounts of 
oxygen, on the lmoJ oxygen resistance of fish, particularly under 
natural conditions. 
The greater anaerobic resistance of c. auratus at lower 
temperatures corresponds with similar findings by other workers with a 
wide variety of fish and other vertebrates (Appendix 1). It would 
appear to arise from the effects of temperature on the metabolic rate 
and metabolism of c. auratus. All the experiments in this thesis were 
conducted at both 1s0c and s0c so that I could examine the effects of 
temperature on the various parameters which contribute to its 
resistance. I shall discuss the effects of temperature in the 
relevant Chapters. 
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The seasonal variation in the anaerobic resistance of 
c. auPatus was very pronounced. It occurred despite the fact that the 
fish were maintained at a constant photoperiod of 12 h during both 
temperature acclimation and the experiments. There is insufficient 
data to establish the relationship between anaerobic resistance and 
season throughout the entire year, for the results presented only 
refer to resistance during late Spring and early Autumn. However, 
they are representative of a Summer I Winter variation in resistance, 
with the lowest resistance occurring during the normal spawning period 
of the population in their natural environment (December to February). 
Further work is required to obtain a complete picture of the seasonal 
variation in the anaerobic resistance of c. aupatus. A temperature 
independent increase in hypoxic resistance during Autumn I Winter has 
also been reported in rats (Nakayama, 1958) and frogs (Rose and 
Drotman, 1967). 
The seasonal variation in the anaerobic resistance of 
c. aui1atus is probably related to seasonal differences in its metabolism 
and metabolic rate. Roberts (1961) found that the oxygen consumption 
of c. caPassius was higher when it was acclimated to a 17 h photoperiod, 
than a 7 h photoperiod. Work with a variety of other species of fish 
has demonstrated seasonal variations in the routine (Wells, 1935; 
Privolnev, 1948; Roberts, 1966; Wohlschlag, Cameron and Cech, 1968; 
Rao, 1971), and standard (Beamish, 1964b), oxygen consumptions, and in 
metabolism (Love, 1970; Takashima et al., 1971; MacKinnon, 1962; 
Voltonen, 1974). 
There was insufficient data to establish conclusively the 
relationship between the wet weight of fish and their anaerobic 
resistance. However, the results suggest that in Autumn, larger fish 
are relatively more resistant at 18°C, and smaller fish at 5°C. 
Martin (1941) found that the hypoxic resistance of embryo speckled 
trout (s. fontinaZis) decreased as they developed. The anaerobic 
resistance of the herring (CZupea harengus) and the plaice 
(PZeuronectes pZatessa) declines during the first few weeks after 
hatching (de Silva and Tytler, 1973; Appendix 1). Adult fish 
generally show the opposite trend, that is, for larger individuals 
to have a greater resistance (see Appendix 1). There are, however, 
exceptions to this which support my findings with c. auratus at s0c. 
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Wells (1913) found that the anoxic resistance of smaller 
(0.9 g) Hybopsis kentuckiensis was greater than that for larger fish 
(>5 g) when tested at 3-5°C (Appendix 1). I have not further 
investigated the relationship between anaerobic resistance and weight 
in this study. The weights of the fish used in a particular 
experiment were dictated by availability, and the suitability of a 
particular size of fish for a given experiment. I selected fish which 
were in a reasonably narrow size range, and stated the mean and 
range of weights of the fish used when giving the results. 
It is apparent from the results presented that a number of 
parameters and procedures affect the anaerobic resistance of c. auratus. 
I did not have the facilities and time to repeat all the experiments 
which follow under all conditions. I have, therefore, given as many 
details of the conditions during each experiment, as seemed appropriate. 
These details included: the oxygen concentration, the pH, the wet 
weight of the fish, the acclimation and test temperatures, the time 
of day and date the experiment was conducted. 
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Chapter 6. 
Oxygen and Energy Storage 
6.1 Introduction 
In this Chapter I shall discuss the contribution of oxygen and 
energy storage to the anaerobic resistance of c. auratus. The storage 
of oxygen permits some of the anaerobic energy requirements to be met by 
aerobic metabolism. The storage of energy means that aerobic energy 
production before the onset of anaerobiosis, contributes to the anaerobic 
energy requirements. The significance of storage in either form depends 
upon the size of the store in relation to the anaerobic metabolic rate, 
and the resistance time of the fish. 
The energy storage referred to above must be in a form which 
can be readily used in the absence of oxygen, such as ATP and CP. A 
certain amount of energy will be stored as ATP equivalents, because all 
cells maintain an adenylate energy charge under aerobic conditions. The 
effect of anaerobiosis on the adenylate energy charge will be considered 
in Chapter 9. The amount of energy stored in this form is small. CP 
concentrations in all tissues are several times that of the ATP 
concentrations, and are particularly high in vertebrate muscle tissues 
(Blix, 1971). ATP can be synthesised from ADP by the transphosphorylation 
of CP. The breakdown of the CP stores makes a significant contribution 
to the total energy requirements of contracting muscle, particularly during 
the initial stages (Bl ix, 1971). 
Clark and Miller (1973) have shown that the concentrations of 
both ATP and CP fall continuously during anoxia in the fresh-water turtle 
(P. scripta elegans). The ultimate limit to the anaerobic survival of 
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these animals is attributed to the inability of their anaerobic 
metabolism to maintain the level of these intermediates in key organs 
(Clark and Miller, 1973). There is, however, no evidence that diving 
vertebrates have higher CP storage capacities than non-diving 
vertebrates (Blix, 1971), and so CP storage does not appear to be an 
important adaptation to hypxoia. I have, therefore, not measured the 
CP concentrations of c. auPatus. 
The contribution of stored oxygen to the anaerobic survival 
of vertebrates is best seen in diving mammals. The most important sites 
of oxygen storage are the lungs, the blood (oxygen bound to haemoglobin), 
and the tissues (oxygen bound to myoglobin). The major adaptations for 
diving involve increases in the haemoglobin and myoglobin oxygen 
carrying capacities, rather than increases in the lung volume (Andersen, 
1966; Berkson, 1966; Kooyman, 1973). Changes in the circulation and 
a reduction in the metabolic rate during a dive, act to conserve the 
oxygen stored for use by the more sensitive tissues such as the brain 
and other nervous tissues. 
The adaptations of diving vertebrates for oxygen storage provide 
the basis for the study of the significance of oxygen storage during the 
anaerobic resistance of c. auPatus. I have not measured the changes 
in the amount of oxygen bound to haemoglobin or myoglobin in response to 
anoxia. The muscles of fish are mostly white, containing very little 
myoglobin, so it is unlikely that oxygen bound to myoglobin contributes 
much to their survival. It is also unlikely that oxygen bound to 
haemoglobin represents a significant oxygen store because of the nature 
of fish circulation. This will be considered in the discussion at the 
end of this Chapter. 
Another potential oxygen storage site in fish is the swimbladder, 
which is anatomically related to the lungs in higher vertebrates. 
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In several primitive species of fish, the swimbladder functions as a 
lung in oxygen deficient waters (Magid, Vokac and Ahmed, 1970). In most 
fish, however, it acts as a hydrostatic organ. Two major groups of fish 
can be defined on the basis of the structure of their swimbladders. 
The physostomes have a swimbladder which is open and is connected to the 
gut by the pneumatic duct. The physoclists have closed swimbladders 
(Jones and Marshall, 1953). In the physoclists, the oxygen concentrations 
in the swimbladder are similar to, or greater than, that in air (Fange, 
1966). The oxygen concentration in the swimbladders of physostomes are 
generally lower (Saunders, 1953). 
The swimbladder respresents a potential oxygen storage site. 
The wall of the swimbladder is between 10 and 100 times less permeable 
to gases than connective tissue (Kutchai and Steen, 1971; Denton, 
Liddicoat and Taylor, 1972), but the oxygen is available for respiration 
through resorption. In both the physoclists and the physostomes, 
the gas composition of the swimbladder is the result of a dynamic 
equilibrium between secretion and resorption (Abernathy, 1972). Some 
physoclists possess a specialised resorbent mucosa which has an 
extensive capillary supply. Its purpose is to produce a rapid reduction 
in the volume of the swimbladder during descent (Fange, 1966). 
Hall (1924) was the first to claim that the oxygen in the 
swimbladder could be used for respiration. Safford (1940) and Black 
(1942) determined the swimbladder gas composition of a number of 
fresh-water and marine physostomes and physoclists. They found that the 
oxygen concentrations in the swimbladders of the physoclists were 
similar to, or greater than, that in air. During asphyxiation, some 
25% to 100% of the oxygen in the swimbladder was depleted. In contrast, 
the swimbladders of the physostomes contained very little oxygen, and 
there was only a slight depletion of the oxygen during asphyxia. 
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c. auratus is a physostorne, and so, one would perhaps expect 
only a minor contribution from the oxygen in its swimbladder, to its 
anaerobic resistance. However, to confirm this, I determined the gas 
composition of the swirnbladder of c. auratus before, and after, a period 
of anoxia. I also measured the volume of the excised swimbladder. 
6.2 Procedures 
6.2.1 Experimental Procedures 
The experiments were performed during August-September, 1973. 
Two groups of 30 fish, with weights ranging from 50 g to 130 g, were 
selected. One group was acclimated for three weeks at 1a0c, and the 
other for three weeks at 5°C. Each of the temperature acclimated groups 
of fish was then divided into three smaller groups of 10 fish of 
similar weight distribution. These groups of fish were then starved for 
48 hand given the following treatment before I removed their 
swimbladders. 
Group A No Chamber Acclimation 
This group of 10 fish were taken immediately from the 
temperature acclimation tanks. 
Group B 24 h Chamber Acclimation 
Each fish was placed into a separate 2.5 l chamber in 
apparatus A. It was then acclimated to the chamber 
conditions for 24 h. 
Group C 24 h Chamber Acclimation + 10 or 56 h Anoxia 
The fish were acclimated to the chamber conditions as for 
Group B. The oxygen concentration in the chambers was then 
rapidly reduced to about 0.01 mg o2 1-l in one hour, with a 
rapid flow of deoxygenated water. The flow of 
deoxygenated water was then reduced to a rate similar 
131 
to that used during the chamber acclimation, and the fish 
kept under anaerobic conditions for a subsequent period of 
10 h at 1s0c, and for 56 h at s0c. 
6.2.2 Removal of the Swimbladder 
Individual fish were removed from the acclimation tank or the 
experimental chamber and killed by a blow on the head. They were quickly 
dried and weighed. A ventral incision was then made from the anus to the 
opercular cavity and the swimbladder was removed. This could be done 
without tieing off the ductus pnewnaticus. The excised swimbladder 
remained gas-tight for the 20 min required to determine its volume and 
to analyse its gases. I took particular care to avoid tearing the 
tunica externa when removing the swimbladder. I dissected a single fish, 
removed its swimbladder and completed all the measurements before 
proceeding to the next animal. This was done to minimise leakage and 
contamination during sampling. 
The swimbladder of c. auratus consists of two chambers 
connected by the ductus corrmun-icans (Alexander, 1959a). The two chambers 
were freely connected, at least in the excised swimbladder. The results 
presented in the next Section refer to the volume and gas composition of 
the swimbladder taken as a whole. 
6.2.3 Volume of the Excised Swimbladder 
I measured the volume of the excised swimbladder, rather than 
the volume of the swimbladder inside the fish, or the volume of the gas 
132 
itself. The determinations were made from the volume of water displaced 
by the swimbladder when it was immersed in water at 20°c. No account 
has been taken of the effect of the difference in temperature between 
that of the fish (5°c and 18°C) and that of the water (20°c) on the 
volume of the excised swimbladder. I also did not measure the internal 
pressure of the swimbladder, so that the actual gas volumes could not 
be calculated. The measurements did, however, provide an estimate of 
the relative change in the swimbladder volume during anoxia. 
6.2.4 Gas Composition 
6.2.4.1 Sample Collection 
The swimbladder gas was sampled from the anterior chamber, 
using a glass syringe and stainless-steel needle. The syringe was a 
1.00 ml graduated glass syringe (Tuberculin, Eva glass) fitted with a 
brass plunger sealed with rubber. The needle was a 22 G, 3 cm 
disposable syringe needle (40/7, B-D Polypropylene Yale Microlance). 
The assembled syringe and needle were found to be gas-tight under the 
conditions of the experiment. 
I did not collect the sample directly with the syringe and 
needle, but interposed a short length of polythene tubing to reduce 
contamination from the air during the sample collection. The needle was 
inserted into a 2 cm length of tightly fitting polythene tubing (1 mm 
external diameter, 0.5 mm internal diameter, PP5 Portex tubing, Portland 
Plastics). The other end of this tubing was fitted to the anterior 
half of another needle similar to that described. The pointed end 6f 
this latter needle was plunged into the anterior chamber of the 
swimb 1 adder. The vJa 11 of the s1vimb 1 adder itself and the tunica externa 
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provided a good seal around the needle and there was no leakage or 
contamination of the swimbladder gas during the collection of the sample. 
The polythene tubing, connecting the two lengths of stainless-steel 
tubing, was clamped when the syringe and needle were removed to be 
flushed with nitrogen, or to transfer a sample to the inlet port of the 
gas chromatograph. Because of this arrangement, the seal around the 
needle inserted into the swimbladder was not disturbed during the 
collection of one or more of the samples. Also, the only part of the 
apparatus contaminated with air when the needle and syringe were 
removed, was the very small volume in the polythene tubing and the 
needle itself. Before taking a sample, the apparatus described was 
assembled with the polythene tubing clamped. The needle was inserted 
into the anterior chamber of the swimbladder. The syringe and needle 
were then removed and thoroughly flushed with nitrogen (high-purity 
dry nitrogen, Commonwealth Industrial Gases). The needle was then 
re-inserted into the polythene tubing, the clamp was removed and a 
1.0 ml sample collected to flush the syringe with swimbladder gas. 
The clamp was then replaced, the syringe and needle removed and the gas 
expelled. A further 1.0 ml sample was collected for analysis. Usually 
there was sufficient gas in the swimbladder to permit a further flushing 
to be made, and a second sample to be collected. 
6.2.4.2 Gas Analysis 
The swimbladder gas was analysed by the gas-solid 
chromatographic method of Tadmor et aZ. (1971). I used a Beckman GC-5 
gas chromatograph with a thermal conductivity detector. The response was 
monitored with a Beckman 11 10 inch" recorder. The settings of the gas 
chromatograph, thermal conductivity detector, and the gas flow meters I 
used throughout the analyses are given in Figure 13. 
134 
Figure 13 
A. Instrument settings for the gas chromatograph, the flow 
meters, the thermal conductivity detector and the recorder. 
B. A diagram of the arrangement of the columns in relation 
to the gas chromatograph, and of the flow of gas through the columns 
and the detector. 
The injected gas sample, first passes through the Poropak Q 
column located inside the column chamber of the gas chromatograph. It 
then passes through one side of the thermal conductivity detector to 
the Molecular Sieve 5A column located outside the chromatograph. The 
effluent gases pass through the other side of the detector to a flow 
meter and then to the exterior. Apart from carbon dioxide, which is 
firmly bound to the Molecular Sieve 5A, all the gases pass through the 
detector twice. The two arms of the detector alternate as reference, 
so that the polarity of the response varies. 
A 
B 
GAS CHROMATOGRAPHY 
Gos chromatograph Beckman model number GC-5 
Carrier gas Helium 
Thermal 
Recorder 
Flow 15 ml min -1 
Pressure 25 lb inch 2 
conductivity detector settings 
Bridge current 200 mA 
Temperature 45°C 
Beckman 70 inch 
Scale mV full scale linear 
Chart speed 2.5 cm min-1 
Sample 
Gas Chromatograph 
~1t.\f if Hti'.tif j:m:@~~~~~'.~{;f ;~itf ;1f ;tW;tH~i!~~ii1~'.& 
i~~~~: Thermal conductivity detector~·~~~ ~~W-i\i;~&~~z/gf~~~WJl~~i~Ml~~&ll 
Porapak Q 60180 mesh 
1.8 m x 6.5 mm Copper column 
Molecular sieve 5A 60180 mesh 
1.8 m x 6.5 mm Copper column 
(outside the chamber) (inside the chamber) 
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Figure 14 
A. The polarity and attenuation settings of the gas 
chromatograph. Both were adjusted after each gas was eluted from one 
of the columns. 
B. A sample recording is also presented showing the order 
of elution of the gases and the relative size and shape of the peaks. 
This recording was obtained by injecting a 1.0 ml sample of 
gas mixture A. The first peak (the 11 pressure peak 11 ) is an artefact 
produced by the rapid injection of the sample. The next peak results 
from the elution of unresolved nitrogen and oxygen gases from the 
Poropak Q column. These gases are separated in the Molecular Sieve 5A 
column and are represented by the next two peaks in the recording. 
Oxygen and argon are not separated by the method described, but the 
contribution of the latter has been ignored in the analysis. The elution 
time of carbon dioxide from the Poropak Q column is about 5 min. Its 
peak does not appear until after oxygen and nitrogen have been eluted 
from the Molecular Sieve SA column. The relative proportions of oxygen, 
nitrogen and carbon dioxide were assessed from the respective peak heights. 
GAS CHROMATOGRAPHY 
A Polarity and attenuation settings 
Order of elution 
Pressure peak 
Air (oxygen and nitrogen) 
Oxygen {and argon) 
Nitrogen 
Carbon dioxide 
B Sample recording 
Pressure peak 
Air 
Oxygen 
Nitrogen 
Carbon dioxide 
Polarity 
Negative 
Negative 
Positive 
Positive 
Negative 
_J 
2.5 cm 
Attenuation 
x] 
x200 
x20 
xso 
x] 
min 
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The gases were separated in two copper columns (1.8 m long and 
6.5 mm external diameter). One was packed with Poropak Q, 60/80 mesh, 
and the other with Molecular Sieve 5A, 60/80 mesh. The columns were 
connected to the thermal conductivity detector in such a way that the 
effluent of the Poropak Q column passed through one cell of the detector, 
and then to the inlet of the Molecular Sieve 5A column. The effluent 
from this column then passed through the second cell of the detector 
before escaping to the atmosphere (Figure 13). With this arrangement, 
the two cells of the thermal conductivity detector alternate as the 
reference cell. Therefore, the deflection produced by the gases is 
negative after passing through the Poropak Q column, and positive after 
passing through the Molecular Sieve 5A column. Chromatographs with 
satisfactory peak height, shape and peak separation were recorded by 
changing the polarity and attenuation of the output, depending on the 
gas being detected (Figure 14). 
6.2.4.3 Calibration 
a). Strategy 
The response of the thermal conductivity detector is 
dependent on its temperature, the flow rate of the carrier gas, and many 
other characteristics of the chromatographic procedure (Johns and Stapp, 
1973). It is difficult to duplicate the instrument setting from day to 
day, and so the response of the detector to standard gas mixtures varies 
daily. However, once the instrument is set up, the response usually 
remains constant for several hours provided there is no large change in 
the external conditions such as temperature and atmospheric pressure. 
I therefore performed a separate calibration for each gas routinely each 
day, and made several checks of the calibration throughout the day. 
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The thermal conductivity detector is a concentration detector. 
Its response is proportional to the weight of solute relative to volume 
of effluent gas passing through the detector (Johns and Stapp, 1973). 
The response should therefore be expressed in terms of the weight of the 
solute rather than its volume, for the volume of a given weight of gas 
varies with the temperature and pressure, neither of which were 
controlled. I have, however, expressed the results of the swimbladder 
gas analysis as the relative proportion of each component gas (as a 
percentage} in the total sample volume (1.00 ml}. This is valid in the 
present instance because all the calibrations were performed with 
standard gas mixtures of known relative composition (as a percentage}. 
The calibrations were also performed frequently. This accounted for the 
effects of any changes in the temperature and pressure on the 
calibration. 
b}. Standard Gas Mixtures 
Two standard gas mixtures were used for calibration. They 
were both certified standard gas mixtures supplied by Commonwealth 
Industrial Gases. The gas mixture referred to as "A" contained 24.5% 
oxygen, 0.98% carbon dioxide and 74.5% nitrogen, and "B" contained 
4.9% carbon dixoide in air. The gas compositions of the standard gas 
mixtures were assumed to be as certified. Samples were taken by filling 
a syringe from a polythene tube through which the standard gas mixture 
was flowing. The internal diameter of this tube was slightly larger than 
that of the syringe. The flow of gas was sufficient to ensure that no 
contamination from the atmosphere occurred during the filling of the 
syringe. The syringe was flushed several times with the standard gas 
mixture before a sample was taken to inject into the chromatograph. 
A range of gas concentrations was produced by injecting different volumes 
of the two standard gas mixtures. The volume injected, as measured from 
the syringe calibrations, varied from 0.1 ml to 1.0 ml. 
c). Quantification 
The response of the thermal conductivity detector was 
continuously recorded with a Beckman 11 10 inch 11 recorder. The volume 
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of a particular gas in the sample was determined by measuring the peak 
heights of the recording and comparing them with the appropriate 
standard curve. The peak area is the more appropriate parameter for 
quantification, but the peak height measurement gave a good estimate of 
the peak area because of the small retention times of the gases in the 
columns and the symmetry of the peaks obtained (Figure 14). I always 
injected the samples as rapidly as possible so that the injection time 
was small in relation to the retention time. Consequently, the shape of 
the peaks was not affected by the variation in the size of the sample 
injected. The efficiency of these precautions is indicated by the 
fact that the results obtained with the two different gas mixtures lay 
on the same calibration curve, in spite of the variation in the sample 
size (Figures 15, 16 and 17). 
d) . Pree is ion 
The precision of the quantitative gas chromatography was 
determined from a series of 8 separate 1 ml samples of gas mixture A. 
The results are expressed in terms of the peak height measurements 
(Table 5). The precision of the determinations of oxygen and nitrogen 
were greater than 2% and carbon dioxide greater than 5%. 
e). Calibration Curves 
All the calibration curves used to determine the 
swimbladder gas composition have been included in Figures 15, 16 and 17. 
The calibrations conducted on the 28th August (A) apply to the results 
obtained before and after chamber acclimation at 5°c. Those conducted 
on the 30th August (B) apply to the results obtained from fish kept for 
56 h anaerobiosis at s0c. Those conducted on the 4th September (C) apply 
to all the results obtained with fish acclimated to 18°C. 
140 
Table 5 
The Precision of the Gas Chromatographic Analyses 
The precision of the gas chromatograph was determined from 
eight 1.0 ml samples of gas mixture A. The syringe was flushed with 
the gas mixture several times before taking a sample. The volume 
measurements were made from the calibration of the syringe. The 
polarity and attenuation of the chromatograph were identical with 
those presented in Figure 14. 
GAS 
Oxygen 
Nitrogen 
Carbon dioxide 
MEAN PEAK 
HEIGHT 
(INCHES) 
6.32 
6.25 
24.30 
STANDARD 
ERROR OF 
THE MEAN 
0.31 
0.25 
0.39 
COEFFICIENT 
OF VARIATION 
1.4% 
1.1% 
4.6% 
NUMBER OF 
SAMPLES 
8 
8 
8 

Figure 15 
The calibration curves for carbon dioxide obtained on 28 August (A), 30 August (B), and 
4 September (C), 1973. 
The peak heights (cm) were measured from the chart recording. The recordings were obtained 
with the gas chromatograph attentuation set at x 1, and the range of the recorder set at 1 mV full 
scale deflection. The volumes (ul) of carbon dioxide injected were calculated from the volume of gas 
injected and the known composition of the standard gas mixtures A and B. The curves were fitted by 
eye. The vertical line represents the range of experimental values. 
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Figure 16 
The calibration curves for nitrogen obtained on 28 August (A), 30 August (B), and 
4 September (C), 1973. 
The peak heights (cm) were measured from the chart recording. The recordings were obtained 
with the gas chromatograph attenuation set at x 50, and the range of the recorder set at 1 mV full 
scale deflection. The volumes (ul) of nitrogen injected were calculated from the volume of gas 
injected and the known composition of the standard gas mixtures A and B. The curves were fitted by 
eye. The vertical lines represent the range of the experimental values. 
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Figure 17 
The calibration curves for oxygen obtained on 28 August (A), 30 August (B), and 
4 September (C), 1973. 
The peak heights (cm) were measured from the chart recordings. The recordings were obtained 
with the gas chromatograph attenuation set at x 20, and the range of the recorder set at 1 mV full 
scale deflection. The volumes (ul) of oxygen injected were calculated from the volume of gas 
injected and the known composition of the standard gas mixtures A and B. The curves were fitted by 
eye. The vertical lines represent the range of the experimental values. 
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The volumes of each component of the swimbladder gas in a 
1 ml sample were read directly from the respective calibration curves. 
The proportion of each gas in the total sample volume was then calculated 
and expressed as a percentage. 
6. 3 Results 
6.3.1 Swimbladder Gas Composition 
The results of the gas chromatographic analysis of the 
swimbladder gases sampled before, and after, 24 h acclimation of the 
fish to the experimental chambers, and after a subsequent period of 
anoxia at 1s0c and s0c are given in Tables 6 and 7 respectively. 
6.3.1.1 The Swimbladder Gas Composition at 1s0c 
In general, the swimbladder of c. aUPatus contains only small 
amounts of oxygen and carbon dioxide (Table 6). Under all conditions 
these gases accounted for less than 5% of the total gas volume. The 
significance of the difference in the mean relative proportion of each 
gas, before and after acclimation, and after anoxia, was assessed from 
a Student's t-test. When the variances of two samples being compared 
were found to be significantly different (F-test), the use of a 
Student's t-test is no longer valid (Sokal and Rohlf, 1969). I then 
used the non-parametric w-test to determine the significance of the 
difference between the means (Wonnacott and Wonnacott, 1969). The 
differences were said to be significant when the probabilities were 
greater than 5%. 
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The acclimation of the fish to the chambers for 24 h did not 
significantly alter the relative proportions of nitrogen and oxygen in 
the swimbladder (Table 6). There was, however, a significant 
(O.OOl<P<0.01) decrease in carbon dioxide from 2.60% to 1.25% 
{Table 6). After 8 h anaerobiosis there was a small {about 25%), but 
significant (0.01< P<0.02), increase in the relative volume of oxygen 
in the swimbladder. There was also a significant (P<0.001) rise in 
the relative volume of carbon dioxide, and a significant (P<0.001) 
fall in the relative volume of nitrogen, following anoxia. It is 
difficult to decide which of these gases is being absorbed or secreted, 
because a change in one gas will of course change the relative 
proportion of the other two gases. These changes are very minor, and 
the gas composition after anoxia closely resembles that of the fish 
that received no chamber acclimation. 
6.3.1.2 The Swimbladder Gas Composition at s0c 
The gas composition of the swimbladders of all fish tested at 
s0c were very similar. The only significant change in composition was 
a fall in the relative volume of oxygen from 5.02% to 3.10% during 56 h 
anaerobiosis (Table 7). 
There was between three and four times as much oxygen in the 
swimbladder at s0c than at 1a0c under all conditions. 
6.3.2 Swimbladder Volume 
The volumes of the excised swimbladders was measured before 
collecting and analysing gas samples. The measurements for all fish 
maintained under aerobic conditions (before and after 24 h acclimation 
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to the chambers) were combined, and compared with those made after fish 
had been anoxic for 8 h at 18°C, and S6 h at s0c. The results have been 
presented in relation to the wet weight of the fish in Figures 18 and 19. 
At both temperatures, there is a linear relationship between the volume 
of the swimbladder and the wet weight of the fish. After anoxia, there 
was a decrease in the volume which was independent of the wet weight 
of the fish. There was no significant difference between the regression 
coefficients of the aerobic and anaerobic measurements at either 18°C 
or s0 c. 
I have also presented the results in terms of the percentage 
volume of the swimbladder (Tables 8 and 9). The percentage volume was 
defined by Alexander (19S9a) as 11 the ratio of the volume of the 
swimbladder gas in millilitres at the depth to which the fish were 
adapted and the weight of the fish in grammes, expressed as a percentage 11 • 
The equivalent depth of the c. auratus during the experiments was between 
0 and 3 metres. It is generally inaccurate to conduct significance tests 
on data expressed as a percentage because their distribution may depart 
from a normal distribution (Sokal and Rohlf, 1969). However, the range 
of the volume and weight measurements were both small, so that the 
calculated percentages would be expected to approximate a normal 
distribution, and the Student•s t-test could therefore be used. 
At both temperatures the percentage volume of the swimbladder 
under aerobic conditions was 10%. There was no significant change in the 
percentage volume during chamber acclimation. There was, however, a 
significant decrease in the percentage volume following anaerobiosis 
at rn°c (P< 0.001) and s0c (0.02< P< O.OS). In both cases the percentage 
volume decreased by about l.S. 
Table 6 
The Effect of Chamber Acclimation and Anaerobiosis on the Gas Composition of the Swimbladder at 18°C 
NO CHAMBER ACCLIMATION# 24 h CHAMBER ACCLIMATION# 
* 
24 h CHAMBER ACCLIMATION 
+ 8 h ANAEROBIOSIS# 
* Oxygen (%) 1.57 ± 0.17 NS 1.28 ± 0.04 0.02< P< 0.05 1.62 ± 0 .19 
* * Carbon dioxide (%) 2.60 ± 0.38 0 . 001 < p < 0 . 01 1. 52 ± 0.11 P< 0.001 2.89 ± 0.37 
* ** Nitrogen (%) 93.0 ± 0.8 NS 92.7 ± 0.3 P<0.001 89.2 ± 0.4 
Number of samples 12 11 9 
Mean wet weight 69 68 80 
of fish (g) (range 52 to 90 g) (range 52 to 89 g) (range 62 to 110 g) 
# mean ± one standard error 
* The probability that the means immediately adjacent to each other are different (nonparametric w-test). 
** 
NS 
The variances are significantly different (P<0.05; F-test). 
The probability that the means immediately adjacent to each other are different (Student 1 s t-test). 
The variances are not significantly different (P>0.05; F-test). 
not significant (P> 0.05) 
....... 
~ 
........ 
Table 7 
The Effect of Chamber Acclimation and Anaerobiosis on the Gas Composition of the Swimbladder at 5°c 
NO CHAMBER ACCLIMATION# 
Oxygen (%) ** 3.88 ± 0.54 NS 
Carbon dioxide (%) 2.08 ± 0.25 ** NS 
Nitrogen ( %) ** 92.5 ± 1.6 NS 
Number of samples 11 
Mean wet weight 75 
of fish (g) {range 52 to 113 g) 
# mean ± one standard error 
24 h CHAMBER ACCLIMATION# 
5.02 ± 0.67 0.02< P<0.05 
** 2.33 ± 0.25 NS 
* 90.7 ± 2.7 NS 
9 
76 
(range 52 to 98 g) 
24 h CHAMBER ACCLIMATION 
+ 56 h ANAEROBIOSIS# 
* 3.10 ± 0.47 
2.48 ± 0.21 
94.5 ± 1.0 
11 
81 
(range 59 to 128 g) 
* The probability that the means immediately adjacent to each other are different (nonparametric w-test). 
** 
NS 
The variances are significantly different {P<0.05; F-test). 
The probability that the means immediately adjacent to each other are different {Student's t-test). 
The variances are not significantly different {P>0.05; F-test). 
not significant (P>0.05) 
~ 
-+::> 
(X) 
Table 8 
Volume 1 
The Effect of Chamber Acclimation and Anaerobiosis on the Volume of the Swimbladder at 18°C 
NO CHAMBER ACCLIMATION# 
** 10.02 ± 0.16 NS 
24 h CHAMBER ACCLIMATION# 
9.69 ± 0.24 ** P<0.001 
24 h CHAMBER ACCLIMATION 
+ 8 h ANAEROBIOSIS# 
8.75 ± 0.14 
Number of samples 12 11 9 
Mean wet weight 
of fish (g) 
69 
(range 52 to 90 g) 
# mean ± one standard error 
68 80 
(range 52 to 89 g) (range 62 to 110 g) 
1 The volume of the swimbladder is expressed as a percentage: 
swimbladder volume (ml) x 100 
wet weight of the fish (g) 
** The probability that the means immediately adjacent to each other are different (Student's t-test). 
The variances are not significantly different (P>0.05; F-test). 
NS not significant (P> 0.05) ....... ~ 
\0 
Table 9 
Volume 1 
The Effect of Chamber Acclimation and Anaerobiosis on the Volume of the Swimbladder at s0c 
NO CHAMBER ACCLIMATION# 
** 10.07 ± 0.21 NS 
24 h CHAMBER ACCLIMATION# 
9.60 ± 0.30 0.02<P<0.05 
24 h CHAMBER ACCLIMATION 
+ 56 h ANAEROBIOSIS# 
** 8.46 ± 0.39 
Number of samples 10 10 9 
Mean wet weight 75 76 81 
of fish (g) (range 52 to 113 g) (range 52 to 98 g) (range 59 to 128 g) 
# mean ± one standard error 
1 The volume of the swimbladder is expressed as a percentage: 
swimbladder volume (ml) x 100 
wet weight of the fish (g) 
** The probability that the means immediately adjacent to each other are different (Student's t-test). 
The variances are not significantly different (P>0.05; F-test). 
NS not significant (P>0.05) ...... U1 
0 

\' 
\ 
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Figure 18 
The relationship between the volume of the excised swimbladder 
(ml) and the wet weight of the fish {g) at 18°C. The relationships under 
aerobic (before and after 24 h acclimation of the fish to the chambers), 
and anaerobic (after 8 h anaerobiosis), conditions were both linear. 
The linear regression equations are given with their respective 
correlation coefficients (r) and the number of mea.surements in the 
sample. The oxygen concentration under aerobic conditions was about 
7.0 mg o2 1-
1
, and under anaerobic conditions about 0.01 mg o2 1-l 
11.0 
10.0 
9.0 
-E 
Cb' J 8.0 
~ 
.... 
Cb 
-0 
-0 
-2 
..Q 
.§ 7.0 
~ 
6.0 
5.0 
40 
18°C August-September 
• Aerobic Y=0.106X-0.513 
(r=0.94; N=23) 
• 
50 60 70 
• 
• 
80 
..t. Anaerobic Y=0.102X-1.112 
(r=0.95; N=10) 
90 700 110 
Wet weight of fish, g 
120 
I 

152 
Figure 19 
The relationship between the volume of the excised swimbladder 
(ml) and the wet weight of the fish (g) at s0c. The relationships under 
aerobic (before and after 24 h acclimation of the fish to the chambers), 
and anaerobic (after 56 h anaerobiosis), conditions were both linear. 
The linear regression equations are given with their respective 
correlation coefficients (r) and the number of measurements in the 
sample. The oxygen concentration under aerobic conditions was about 
-1 8.4 mg o2 1 , and that under anaerobic conditions, was about 
-1 0.01 mg o2 1 
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6.4 Discussion 
A well-defined and controlled experimental anoxia can only 
be achieved with a continuous flow of deoxygenated water, when fish 
are confined to relatively small chambers. A correct assessment of 
the effect of anaerobiosis on the gas composition of the swimbladder 
may only be made if the effects of the transfer of the fish to the 
chamber have been eliminated. At 1a0c particularly, chamber acclimation 
produced changes in the proportion of carbon dioxide in the swimbladder 
and also in the variance of all the measurements. This justified the 
acclimation procedure. 
The proportion of oxygen in. the swimbladder of c. auratus 
under aerobic conditions was found to be about 1.5% at 1a0c, and about 
4.6% at 5°C. These values are within the range of values (0 to 12%) 
found by Black (1942) and Saunders (1953) in the swimbladders of a 
variety of other physostomes. The relative volume of carbon dioxide 
at both temperatures was between 1.5% and 3%. These levels are once 
again within the range of values found in a variety of physostomes and 
physoclists (Saunders, 1953; Fange, 1966). 
The low oxygen and high nitrogen levels in physostome 
swimbladders are generally attributed to the selective resorption of 
oxygen. The newly secreted gas contains a much higher proportion of 
oxygen than the gas at equilibrium in both physostomes and physoclists. 
The equilibrium gas composition is therefore produced by the combined 
effects of secretion and absorption in dynamic equilibrium (Abernathy, 1972). 
The lower oxygen concentrations in physostome swimbladders arises from 
their lower capacity for secretion of gases into the swimbladder (Steen, 
1971; Abernathy, 1972). My results suggest that there is very little 
resorption of oxygen from the swimbladder of c. auratus during 8 h anoxia 
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at 18°C and 56 h anoxia at 5°C. Black (1942) found similar results with 
several other physostomes in response to anoxia. 
The percentage volume of the excised swimbladder was about 
10% at both 18°C and 5°c (Tables 8 and 9). These results compare 
reasonably we·11 with the values obtained by Alexander (1959a) of 7.9% 
and by Overfield and Kylstra (1971) of 6% in intact fish. After anoxia 
at both temperatures, the percentage volume of c. auratus declined to 
about 8.5%. This decrease in the volume of the swimbladder may account 
for the 11 sinking 11 response of c. auratus when exposed to anoxia. Very 
soon after the onset of anoxia, both c. auratus (Lewis, 1970) and 
C. carassius (Blazka, 1958) rapidly sink to the bottom of the container. 
A reduction in the swimbladder volume would certainly facilitate this 
response, but I do not know the time course of the change in the 
swimbladder volume. 
I will now calculate the amount of oxygen released from the 
swimbladder which is potentially available to support the aerobic 
resistance of c. auratus during anoxia. The calculation is made from 
changes in the gas composition and volume of the swimbladder. The change 
in the actual volume of gases represented by the decrease in the 
swimbladder volume, can only be accurately assessed if the internal 
pressures of the swimbladders before and after anoxia are known. 
Alexander (1959a) has shown that the swimbladder wall of many physostomes, 
including c. auratus, is extensible, and that under natural conditions, 
an excess internal pressure is maintained. Inc. auratus, the mean excess 
internal pressure under aerobic conditions was 2.4 cm Hg (Alexander, 1959a). 
I do not know whether the internal pressure changes during a period of 
anoxia. For the purposes of this calculation, I shall assume that the 
swimbladder gas was always at atmospheric pressure. The largest change 
in the oxygen concentration during anoxia occurred at 5°C. Under aerobic 
conditions, a 70 g fish has about 7 ml of gas in its swimbladder 
(Table 9), of which about 5% is oxygen (Table 7). The swimbladder, 
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therefore, contains about 0.35 ml of oxygen. After 56 h anaerobiosis, 
the swimbladder volume declined to about 6.3 ml (Table 9). The 
percentage of oxygen also declined to about 3%. The swimbladder, 
therefore, contained about 0.15 ml of oxygen. Therefore, the maximum 
amount of oxygen potentially available for respiration during anoxia 
was about 0.21 ml. Now, a fish weighing 70 g consumes about 
-1 1 1.4 mg o2 h , and the density of oxygen is about 1.4 g 1- . This 
amount of oxygen would be sufficient to support the fish aerobically 
for about 10 min. At 1a0c the oxygen available in the swimbladder would 
be of even less importance because there was no significant change in 
the proportion of oxygen in the swimbladder and the fish's rate of 
oxygen consumption is higher. 
Khalil (1937) found that the oxygen released from the 
swimbladder of two other physostomes, European tench and carp, would 
support their aerobic metabolism for similar lengths of time. The 
oxygen lost from the swimbladder during a 7 to 8 h period of anoxia was 
equivalent to the oxygen consumption of the fish over a 3 or 4 min 
period. Therefore, the amount of oxygen potentially available from the 
swimbladder during anoxia is insignificant in relation to the total 
anaerobic resistance of c. auratus. 
The results also show that the observed changes in the volume 
of the swimbladder were much larger than could be accounted for by the 
observed changes in the gas composition. At s0c, for instance, the 
decrease in oxygen in the swimbladder was the only significant change 
in the gas composition (Table 7). The calculations given above show 
that only 0.2 ml of the total volume change of 0.7 ml for a 70 g fish 
could be accounted for by the change in gas composition. The volume 
changes, therefore, appear to be the result of a non-selective 
resorption or leakage of gas through the wall of the swimbladder or 
through the pneumatic duct. 
In addition, it is doubtful whether all of the oxygen 
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released from the swimbladder during anoxia could be used for respiration. 
In most fish, the blood from the secretory area flows through the gas 
vein and then through the hepatic portal vein before returning to the 
heart. The blood from the resorbent area, on the other hand, runs 
directly to the sinus venosus through the pneumatic duct vein (Steen, 
1971). Apart from the heart and liver, any oxygen released from the 
swimbladder must pass through the gills before reaching any of the 
tissues, and so could be lost to the water. It will be shown in 
Chapter 7 that c. auratus continues to ventilate its gills throughout 
a period of anoxia. Unless there are changes in the circulation through 
the gills, some of the oxygen will be lost to the water before it can 
reach the tissues. 
The passage of blood and water through the gills of c. auratus 
and other fish must decrease the effectiveness of any oxygen store. 
Holeton and Randall (1967) and Johansen (1966) have suggested that 
haemoglobin acts as an oxygen store, as well as an oxygen carrier, which 
may be drawn upon when the oxygen requirements of the tissues increase, 
or the availability of oxygen is reduced. The venous blood of fish is 
not deoxygenated, but is partially saturated in the resting fish (70% 
saturated in resting s. gairdneri, Holeton and Randall, 1967). However, 
in response to rapid and complete anoxia, most of this oxygen may be lost 
during the passage of the blood through the gills. The oxygen stored 
in this way will only be significant during the first stages of anoxia, 
or later if the fish possesses an ability to reduce the permeability 
of the gill surfaces to oxygen during anoxia. Grigg (1969) showed that 
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the blood oxygen levels of brown bullheads, Ictalurus nebulosus, varied 
in response to the oxygen concentration of the water, and were zero 
during anoxia. 
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Chapter 7. 
Metabolic Rate 
7.1 Introduction 
In this Chapter I shall discuss the importance of metabolic 
rate changes to the anaerobic resistance of c. auratus. In Section 1.7 
I defined the metabolic rate of an animal as the rate of turnover of ATP 
equivalents. Unfortunately there is not enough information available to 
conduct this discussion solely in terms of ATP equivalents. The metabolic 
rate of fish is usually measured as an oxygen consumption. I shall 
likewise use oxygen consumption as a measure of metabolic rate, while 
mindful of the assumptions that this entails (see 1.7). 
The oxygen consumption of fish varies with the water 
temperature, the time of day, the season of the year, the fish 1 s 
nutritional state, its sex, and its physical activity. However, under 
constant conditions, a fish has a standard metabolic rate (see 1.7) 
which is given by the oxygen consumption of the fish at zero or minimal 
physical activity, when measured with the fish: in a post-absorptive 
state; at its acclimation temperature; and protected from external 
stimuli (Fry, 1971). The standard metabolic rate of fish, measured in 
this way, is comparable with the basal metabolic rate of terrestrial 
vertebrates, which is measured with the animals in a state of rest in a 
thermoneutral environment (Brett, 1972). 
The standard or basal metabolic rate of an animal is often 
regarded as its minimal metabolic rate for survival. It is said to 
consist of the energy expenditure, or oxygen consumption, required to 
perform a number of apparently essential functions. These include the 
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maintenance of an adequate oxygen supply to the tissues, the maintenance 
of the nerve and muscle membrane electrochemical gradients (Blaxter, 
1971), ion-osmoregulation (Fry, 1971), the turnover of proteins and other 
body constituents (Blaxter, 1971) and the synthesis of new material for 
growth and reproduction (Blaxter, 1971). 
This concept has led to the assumption that the minimal oxygen 
or energy requirements of an animal are identical under a wide variety 
of conditions. Such assumptions are involved in calculating the oxygen 
debts incurred by animals subject to anoxia or hypoxia (Chapter 8). 
However, it now appears that this is not always true. Certain animals 
appear to be able to resist or tolerate very substantial reductions in 
their oxygen consumption or metabolic rates, even when it falls below 
their standard or basal rates. Some examples of this are presented below: 
a). Acclimation to Low Oxygen 
There is evidence that a variety of animals can acclimate to 
low oxygen concentrations by reducing their metabolic rates. For example, 
the acclimation of some mammals to high altitudes leads to a reduction in 
their metabolic rates. Lenfant (1973) showed that lambs kept at 3420 metres 
above sea-level had significantly lower rates of oxygen consumption than 
those kept at sea-level. Similarly, several species of fish reduce their 
oxygen consumptions following acclimation to low levels of dissolved 
oxygen (see 4.4.4). The reduction in oxygen consumption of c. au:riatus 
following acclimation appears to invoive not only a reduction in the 
oxygen consumption associated with physical activity, but also a reduction 
in their standard oxygen consumption, particularly at low oxygen 
concentrations (Prosser et al., 1957; Beamish, 1964c), However, further 
work is required to establish this conclusively (Beamish, 1964c). 
Kutty (1968a) showed that the R.Q. of c. au:riatus acclimated to low 
oxygen was the same as that for fish acclimated to air saturation, at 
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a variety of ambient oxygen concentrations. So c. auratus apparently 
does not compensate for the reduction in its oxygen consumption by 
increasing its capacity for anaerobic metabolism. The reduction in 
oxygen consumption is therefore representative of a decline in metabolic 
rate, perhaps below its standard metabolic rate. 
b). Oxygen Supply 
The relationship between the size of an animal and its 
metabolic rate is similar in all vertebrates: 
Y = a xb 
where Y is the rate of metabolism 
a is a constant 
x is the body weight 
b is a constant for a given species 
and is often about 0.8. 
In birds and mammals this relationship appears to be dependent 
on heat transfer and the surface area of the body over which it occurs. 
There has been no,satisfactory explanation for its origin in poikilotherms. 
The metabolic rate of amphibians does not appear to be related to the 
surface area of the body, but to the respiratory surface area. That is, 
the oxygen consumption of amphibians of similar weight, and presumably 
similar basic energy requirements, may be vastly different depending on 
their respective respiratory surface areas. Whitford and Hutchison (1967) 
showed that salamanders with lungs consumed more oxygen than lungless 
forms of similar weight. Both types of salamanders had similar 
relationships between their weights, and their external surface areas. 
Ultsch (1974) determined the oxygen consumption of three species of 
Sirenidae, which are aquatic salamanders capable of both integumentary 
and pulmonary oxygen uptake. He found that the oxygen consumption of 
these animals depended on the sites available for oxygen uptake. Animals 
which were submerged and not allowed access to the surface to breathe with 
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their lungs, had only one third the oxygen consumption of those of 
similar weight which were permitted to breathe at the surface. The 
difference in oxygen consumption was far too great to be explained in 
terms of any increase in physical activity involved in breathing at the 
surface. Ultsch (1974) did not measure, quantitatively, the physical 
activity of the two groups of salamanders, but there was little apparent 
difference. He suggested that the decline in the oxygen consumption 
represented a decline in the standard metabolic rate produced by a 
reduction in the supply of oxygen to the tissues. Both Whitford and 
Hutchison (1967) and Ultsch (1974) found similarities in the relationships 
between the respiratory surface area and weight, and metabolic rate and 
weight, of salamanders. Further more precise work is required to confirm 
that the reductions in metabolic rate are actually occurring in response 
to a reduction in the supply of oxygen. There have been suggestions 
that the metabolic rate of fish of different weight is related to the 
surface area of the gills (Hughes, 1971). However, there are large 
variations in the relationship, even among particular populations of 
a given species (Hughes, 1971). This may be partially attributed to the 
use of the anatomical surface area of the gills, rather than the 
functional surface area when determining the relationship. There is a 
need for further study of the origins of the relationship between the 
metabolic rate and weight of fish. 
c). Resistance 
I mentioned earlier (see 1.2.9) that the reduction in metabolic 
rate is a fundamental response of many vertebrates to anoxia (Pickwell, 
1968). The vertebrates with the greatest anaerobic resistance (the frogs 
and the turtles) have the greatest capacity to incur and sustain a 
reduction in metabolic rate, and to resist its consequences. The 
reduction in metabolic rate could result from a reflex decline in 
activity or other functions through the behavioural, nervous or 
endocrinal responses to anoxia, or through the failure of the energy 
supply in specific tissues as a result of cardiovascular responses 
which restrict the oxygen and energy substrate stores to the more 
sensitive tissues. Miller (1965) suggested that when oxygen is not 
present in adequate amounts in a cell (through either a deficiency in 
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the availability in the environment or in the supply to the cell) it may 
limit the metabolic rate. Adaptations to anoxia may, therefore, involve 
"a preferential use of the available supply of ATP for activities most 
essential to survival, at the expense of activities having less 
immediate survival value" (Miller, 1965). This could conceivably be 
mediated through the selective effect of a decline in the adenylate 
energy charge of the cell (see 2.6). The extent of the decline in 
metabolic rate is often in excess of 80% of the aerobic metabolic rate. 
Once again this demonstrates that animals can often survive for a 
considerable time with metabolic rates far below their standard metabolic 
rates. 
The information available suggests that the reduction of the 
metabolic rate may be important to the anaerobic resistance of c. auratus. 
Lewis (1970), for example, showed that the response of c. auratus to 
anoxia was different from that of other species of fish in that it reduced 
its physical activity soon after the onset of anoxia. I have assessed 
the relative changes in the metabolic rate of c. auratus using two 
separate approaches: one indirect, and the other direct. 
Indirect Approach 
The metabolic energy or oxygen requirements of a fish 
consists of several major components. There is the cost of 
physical activity, of gill ventilation, of maintaining the 
circulation of the blood, of maintaining the nerve and muscle 
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electrochemical gradients and the turnover of the body 
constituents. The energetic cost of each of these functions 
depends upon the extent to which each is maintained under 
different conditions. For example, a decrease in the physical 
activity of fish in response to anoxia represents a 
proportional decrease in the total metabolic expenditure of 
the animal, provided that the total cost of the other 
components does not increase. The cost~ of physical activity 
and gill ventilation represent a substantial proportion of 
the fish 1 s total energy expenditure. I have therefore 
measured the physical activity and gill ventilation of 
c. auratus before, during, and after, anoxia to provide an 
estimate of the relative changes in the total metabolic rate 
that occur during anoxia. 
Direct Approach 
The changes in the total energy expenditure of c. auratus 
were assessed directly by measuring the metabolic heat 
production before, during, and after, a period of anoxia. 
7.2 The Indirect Assessment of the Changes in Metabolic Rate 
7.2.1 Assessment of the Spontaneous Physical Activity 
7.2.1.1 Introduction 
The cost of physical activity may represent a substantial 
proportion of the total energy expenditure of fish. The active oxygen 
consumption of c. auratus is some 10 times its standard oxygen 
consumption at both 20°c and s0c (Brett, 1972). In addition, a sudden 
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burst of swimming can elevate the instantaneous oxygen demand of some 
fish by as much as 10 times the maximum rate of supply (Brett, 1972). 
Therefore, the physical activity of c. auratus during anoxia substantially 
governs its metabolic rate. 
The amount of activity stimulated by the transition to anoxia 
may also be important, primarily in respect to the amount of anaerobic 
metabolism which supports this activity. Presumably this anaerobic 
metabolism draws upon the same substrate reserves and releases the same 
endproducts as that which supports the fish during its resistance to 
anoxia. These effects will be passed on into the anoxic period, and 
may thus affect the fish's resistance (see 4.4.2). 
Modern methods of determining the spontaneous activity of 
fish involve the measurement of the amount of turbulence generated by 
the fish's movement, using some form of heat-loss flow meter (Fry, 1971). 
Many workers have used self-heated thermistors as flow meters (Heusner 
and Enright, 1966; Dandy, 1967). I have used similar methods to assess 
the relative changes in the spontaneous physical activity of c. auratus 
in response to anoxia. 
7.2.2 Procedures 
A one-thermistor bridge circuit as described in Figure 20 
was used to monitor the turbulence generated by the spontaneous activity 
of the fish. The thermistor used was a Y.S.I. Precision Thermistor, 
which had a resistance of 3 Kohm at 2s0c. The bead thermistor was 
supplied embedded in epoxy resin and had a total diameter of 2 mm. The 
leads of the thermistor were soldered to insulated wires and the joints 
were insulated with epoxy resin. While the resin was still in a fluid 
state, the joints and a short length of the insulated leads were covered 
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Figure 20 
The one-thermistor bridge circuit used to assess the 
spontaneous physical activity of c. auratus. The circuit was designed 
to direct sufficient power through the thermistor to raise its 
temperature above that of the surrounding water. The instantaneous 
temperature of the thermistor and hence its resistanc~, depends on the 
amount of turbulence in the vicinity of the thermistor (see 7.3.3.1). 
Each of the 3.3 Kohm fixed resistors was an Erie~ watt carbon-film 
resistor with a stated tolerance of 5%. The two potentiometers 
(carbon-film, single turn, linear,~ watt, Bourne) were included to 
permit the bridge to be balanced. Adjustment of the 1 K ohm 
potentiometer gave a coarse control of the balance of the bridge, and 
the 100 ohm resistor gave fine control. The bridge was balanced at 
zero flow, that is, at the maximum temperature and minimum resistance 
of the thermistor. The thermistor used was a precision thermistor 
(Y.S.I., tolerance 1%) with a stated zero-power resistance of 3 Kohm 
at 25°C. Its thermal time constant was 1 s, and its dissipation 
constant 8 mW 0c-l in a well stirred oil bath (information supplied 
by the manufacturer). Power was supplied from 6 mercury batteries 
(Mallory, Duracell RM42R, 1.35 V) connected in series. The movement 
of the fish within the chamber produced a flow of water past the 
thermistor. This reduced the temperature of the thermistor and so 
increased its resistance, and generated a potential difference across 
the two arms of the bridge circuit. The potential difference was 
recorded with a Rikadenki chart recorder (Model B 341, 1 mV), set at 
a range of 0-100 mV and a chart speed of 32 cm h-1. The bridge circuit 
was housed in a metal box. The leads to the thermistor and to the 
recorder were shielded. The shield and the metal box were all 
connected to the 1 earth 1 of the recorder. 
1 K ohm 
Chart recorder (10 K ohm) 
100 ohm 
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with 'heat-shrink' tubing. The tubing was so arranged that the 
thermistor protruded about 5 rrun from one end. The tubing was then 
contracted by applying heat, taking care not to heat the thermistor bead 
directly. The resin was allowed to set. The thermistor probe was then 
inserted through a rubber bung fitted to one of the chambers in 
apparatus A. When fitted, the thermistor probe protruded about 5 cm 
into the 2.5 l chamber. 
Before placing the fish into the chamber the thermistor circuit 
was switched on, the bridge was balanced at zero flow, and the recorder 
was set at an appropriate position. The zero position of the recording 
was checked during periods when the fish was inactive, and was found to 
undergo little change. 
All experiments were conducted at 1s0c in October with fish 
weighing 100 to 150 g. The activity of each fish was measured 
continuously before, during and after a period of anoxia. The fish 
were placed in the chambers at least 24 h before taking any readings. 
The results obtained did not warrant a detailed quantitative 
analysis for several reasons. Firstly, the chambers used were small 
(2.5 l) in relation to the size of the fish (100 g). This may have 
restricted the spontaneous activity of the fish under aerobic conditions, 
or restricted its response to hypoxia or anoxia, and so given inaccurate 
estimates of the relative changes in activity which occurred in response 
to anoxia. Secondly, there are many problems in estimating the energy 
cost of physical activity. A given amount of water movement can be 
produced in a number of different ways, by movement of a fin, an 
operculum, or the whole body. The energy expended in each case is quite 
different. Ideally, a study would have to be made to determine the 
relationship between spontaneous activity and the oxygen consumption of 
the fish, and to verify that the costs associated with a given amount of 
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work were the same under aerobic and anaerobic conditions. In the 
absence of such information, I have sought only to confirm the 
observations of Blazka (1958) and Lewis (1970) that Carassius 
substantially reduce their activity during anoxia. I have done this by 
presenting typical recordings of the activity of a single fish obtained 
before, during, and after, a period of anoxia. 
7.2.3 Results 
The recordings are presented in Figures 21, 22 and 23. The 
initial recording (Figure 21A) was obtained at 0800 hours soon after 
introducing the fish into the chamber. At this time the fish was very 
active. The recording was continued for 24 h to allow the fish to 
become acclimated to the experimental chamber. The next sample 
recording was obtained on the following day at 0800 hours (Figure 218). 
At this time the spontaneous activity of the fish was reduced 
from that of the previous recording (Figure 21A). The flow of 
deoxygenated water was begun at 1000 hours. Initially, the flow rate 
was 5 1 h-1, but it was reduced to 3 l h-l after one hour. At the time 
when the flow was reduced the fish had increased its activity (Figure 22C). 
After a further hour, the fish were anoxic and they showed very little 
activity (Figure 22). The fish remained motionless on the bottom of the 
chambers for long periods. Any movement that did occur was very slow 
and restricted. The periods of activity appeared to coincide with periods 
in which the ventilation of the gills was greater. At 1530 hours, aerated 
water was reintroduced at a flow of 3 l h-1. The normal activity of the 
fish returned rather slowly. One hour after beginning the reintroduction 
of aerated water, the fish was still rather inactive (Figure 23E). 
However, after a further 3 h, the aerobic pattern of activity had 
returned (Figure 23F). 
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Figure 21 
Sample chart recordings of the physical activity of a 120 g 
c. auratus. The experiment was conducted at 18°C during March 1973. 
In each recording the vertical scale (0-100 mV) was set knowing the 
position of the recording for zero flow conditions. There is an 
exponential relationship between the flow velocity and the height of 
the recording above the zero flow position. 
A. A recording obtained under aerobic conditions at 0830 
hours soon after the fish was first introduced into the chamber. 
B. A recording obtained under aerobic conditions at 0830 
hours, 24 h after introducing the fish into the chamber. 
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Figure 22 
Sample recordings obtained during anoxia at 1a0c. The flow 
of deoxygenated water was begun at 1000 hours at an initial flow rate 
of 5 l h- 1, which was reduced to 3 l h-l after one hour. The legend 
otherwise resembles that for Figure 21 and these traces were obtained 
from a continuous recording of the activity of the same fish. 
C. A recording obtained during anoxia at 1100 hours, about 
one hour after beginning the flow of deoxygenated water. 
D. A recording obtained during anoxia at 1400 hours, some 
4 hours after beginning the flow of deoxygenated water. 
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Figure 23 
Sample recordings of the activity of c. auratus during 
recovery from anoxia at 1a0c. The aerated water was introduced into 
the chamber at 1530 hours, after 5 hours anoxia. The flow of aerated 
water was maintained at 3 l h-l throughout the recovery period. The 
legend otherwise resembles that for Figure 21. 
E. A recording obtained at 1730 hours, some two hours 
after beginning the recovery. 
F. A recording obtained at 1930 hours, some 4 hours after 
beginning the recovery. 
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7.2.4 Discussion 
The marked reduction in the physical activity of c. aUl'atus 
and its tendency to remain at the bottom of the experimental chamber 
was also observed by Lewis (1970). Blazka (1958) noted a similar 
behavioural response to hypoxia with c. carassius. Lewis's observations 
were made in relatively large containers so that it does not appear that 
the response I observed was produced by the size of the containers I used. 
Lewis (1970) showed that other species such as FunduZus notatus, Gconbusia 
affinis and PoeciZis reticuZata were able to tolerate very low oxygen 
concentrations in their environments by virtue of their tendency to move 
towards the surface in hypoxic waters, and their morphology which enabled 
them to effectively make use of the relatively oxygen rich water at the 
air-water interface. The three species moved continuously parallel to 
the surface. The activity of c. auratus was in direct contrast. 
Occasionally, especially at higher temperatures, c. au:l'atus assumed a 
stationary position at the surface, but it did so for only short periods 
of time (Lewis, 1970). Blazka (1958) observed that the "influence of 
anoxia on the behaviour of carps is not uniform and depends on the 
temperature ~nd duration of the anoxia. In the beginning there is 
usually a disturbance, especially when anoxia was started abruptly by 
the transfer of the fish into oxygenless water. The fish soon became 
quiet, staying at the bottom of the tank. Movement is less but flight 
and balance reflexes are unaffected". 
The reduction in the spontaneous activity of Carassius in 
response to a decline in the availability of oxygen is adaptive in the 
sense that it reduces the total metabolic expenditure of the fish during 
hypoxia and anoxia. It is not possible to estimate the relative changes 
in the total metabolic rate that this entails, but it is probably quite 
substantial, particularly in reference to other species of fish that 
increase their activity in response to hypoxia. 
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Similar reductions in spontaneous activity in response to 
hypoxia have been observed under experimental conditions in CaPanx ahanos 
(Hamsa and Kutty, 1972), in TiZapia mossambiaa (Mohamed and Kutty, M.S. 
quoted by Hamsa and Kutty, 1972). Hubbs, Baird and Gerald (1967) and 
Magnuson and Karlen (1970) have observed that several species of fish 
reduce their activity during hypoxia, in their natural environments. 
Most species of fish increase their random spontaneous 
activity (Jones, 1952; Shepard, 1955; Hill, 1968, 1969; Kutty, 
1968a; Hoglund and Hardig, 1969; Lewis, 1970; Magnuson and Karlen, 
1970; Hamsa and Kutty, 1972; Petrosky and Magnuson, 1973) and move 
towards the surface (Shelford and Allee, 1913; Shepard, 1955; 
Hoglund, 1961; Deubler and Posner, 1963; Dandy, 1970; Lewis, 1970; 
Magnuson and Karlen, 1970; Petrosky and Magnuson, 1973), in response 
to hypoxia or anoxia. The stimulation of the physical activity of 
fish is the primary element in the so-called "avoidance reaction" of 
many species of fish (Jones, 1953; Shepard, 1955; Whitmore, Warren 
and Doudoroff, 1960; Hoglund, 1961; Deubler and Posner, 1963; Hill, 
1968). The increase in activity appears to be random and undirected, 
stimulated not by the oxygen concentration itself, but through the 
respiratory distress it produces (Shelton, 1971; Petrosky and Magnuson, 
1973) (However, Whitmore, Warren and Doudoroff (1960) and Deubler and 
Posner (1963) have reported the activity of fish to increase in response 
to hypoxia without any change in respiration). Once a region of higher 
oxygen is reached as a result of the fish's random activity, the 
stimulus is removed and the activity is reduced. The response to 
hypoxia is adaptive because of the non-uniform distribution of dissolved 
oxygen beneath ice or in stagnant water (Petrosky and Magnuson, 1973). 
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Under natural conditions, the highest oxygen concentrations 
in oxygen depleted waters are often near the surface (Lowe, Hinds and 
Halpern, 1967; Lewis, 1970; Magnuson and Karlen, 1970; Petrosky and 
Magnuson, 1973). Magnuson and Karlen (1970) observed the reactions of 
northern pike (Esox Zucius), yellow perch (Perea flavescens) and bluegill 
(Lepomis macrochirus) populations during the depletion of dissolved 
oxygen under ice. All three species moved towards the surface as the 
oxygen in the deeper parts of the lake was depleted. However, the three 
species showed slightly different responses and inhabited different 
depths. When the conditions were severe, yellow perch never stopped 
swimming, bluegill were somewhat less active, and northern pike remained 
motionless for long periods. The inactivity of northern pike and its 
tendency to remain in a position closest to the ice than the other 
species probably contributes to its greater resistance to hypoxia 
(Magnuson and Karlen, 1970). 
There is some evidence that most fish reduce their activity 
following an initial increase stimulated by hypoxia. Dandy (1970) 
reported that the spontaneous activity of Salvelinus fontinalis tested 
at various low oxygen concentrations was always greatest during the first 
hour of exposure (which included the 20-30 min of rapid decline in oxygen 
concentration to the constant hypoxic level) and then declined. Unlike 
the response observed for c. auriatus however, at any given time in the 
experiments the fish exposed to the lowest oxygen concentrations had 
the greatest activity (Dandy, 1970). 
The significance of the reduction in the activity of c. auriatus 
during anoxia on its resistance could perhaps be assessed by determining 
the resistance of fish forced to swim at constant velocities. The work 
of Smit et al. (1971) suggests that this would not be successful. They 
found that when c. auriatus was forced to swim at a constant velocity 
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while the oxygen concentration gradually declined, the fish stopped 
swinming at a certain critical oxygen tension. The critical oxygen 
tension in turn depended on the work level and the temperature. This 
failure to continue swimming is apparently not due to muscular fatigue, 
in spite of partial support from anaerobic metabolism. It is rather, 
dependent on the blood oxygen tension which perhaps affects the nerves 
supplying the muscles {Smit et aZ., 1971). Kutty {1968b) further 
suggests that the failure of c. auratus to swim at a given speed below 
a certain critical oxygen concentration is not due to fatigue, but to a 
reflex inhibition of activity through the action of some oxygen sensing 
mechanism. This was supported by the immediate recovery of swimming 
activity when the oxygen concentration was increased. 
The activity of c. au.ratus during hypoxia and anoxia appears 
to be regulated by the availability of oxygen, and perhaps energy, at 
the cellular level. I shall discuss this further in Section 7.3.5. 
Shepard {1955) found that s. fontinaZis died sooner during 
hypoxia when exposed to light than to darkness. He attributed this 
difference to the greater oxygen demands of the fish in the light, which 
was presumably due to their greater physical activity in the light. It 
is conceivable that many of the effects of temperature, acclimation to 
the chamber, chamber size, crowding, season of the year and other 
conditions, on the anaerobic resistance of fish can be attributed to the 
differences in the physical activity of the fish under these conditions. 
7.3 Assessment of Ventilation 
7.3.1 The Cost of Gill Ventilation 
The cost of ventilating the gills represents a substantial 
proportion of the fish's total energy expenditure, especially when the 
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fish is active or exposed to hypoxia. The branchial muscles do work 
against three mean categories of force: inertial forces; the flow 
resistance at the mouth, the opercular slit and across the gill sieve; 
and against the elastic forces developed in the tissues of the 
respiratory apparatus (Shelton, 1971). The relative cost of ventilation 
under different circumstances depends upon the power output of the 
branchial muscles and their efficiency in terms of the water flow 
produced for energy expended or oxygen consumed (Jones, 1971). For 
comparative purposes, the power output is generally taken to be related 
to the product of the buccal and opercular pressure differences (mm Hg) 
and the ventilation volume (ml min-1) (Jones, 1971). In so doing, the 
the mouth 
relatively minor costs of moving water into and out of the opercular 
A 
cavity are ignored (Jones, 1971). Such an analysis only applies to 
resting fish in which the movement of water over the gills is generated 
solely by the action of the branchial muscles. Many fish can ventilate 
their gills by opening their mouths and operculi when actively swimming 
or when maintaining themselves in a current (Cameron and Cech, 1970; 
Randall, 1971). This so-called 'ram-ventilation' involves a transfer of 
the energy expenditure in ventilation from the branchial muscles to the 
lateral body muscles with a probable change in efficiency (Cameron and 
Cech, 1970). My experiments were conducted in relatively small chambers 
in which this was not possible. 
A number of estimates of the proportion of the resting oxygen 
consumption required for the ventilation of the gills have been obtained. 
Van Dam (1938) based his estimate upon the simultaneous measurement of the 
ventilation volume and oxygen consumption of trout and eels subject to 
hypoxia. He estimated that the eel requires 10-12%, and the trout 20%, 
of its resting oxygen consumption to ventilate the gills. Cameron and 
Cech (1970) and Shelton (1971) have criticised these estimates because 
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they were based on very little experimental data. Also the increased 
oxygen consumption of the fish at higher ventilation volumes during 
hypoxia, was wholly attributed to the increased costs of ventilation, 
without accounting for the oxygen consumption associated with the fish's 
increased physical activity. 
Schumann and Piiper (1966) used similar techniques to Van Dam 
(1938) in estimating the ventilation volume and oxygen consumption of 
tench (Tinca tinca), but the relative cost was estimated from 
spontaneous changes in ventilation, and measurements of the oxygen 
consumption during artificial ventilation of fish paralysed with 
succinylcholine. They estimated that 18-43% of the resting oxygen 
consumption of tench could be attributed to the cost of gill ventilation. 
Their work has been criticised because of the lack of actual data 
(Cameron and Cech, 1970), the invalidity of their assumptions when using 
anaesthetics (Cameron and Cech, 1970), and because succinylcholine 
is known to reduce muscle tone, and so presumably it reduces the general 
oxygen consumption of the whole fish as well as inhibiting gill 
ventilation (Cameron and Cech, 1971). 
Alexander (1967) based his assessment of the cost of ventilation 
on the calculation of the work done in moving water over the gills, 
assuming a constant efficiency of the branchial muscles of 20%. The 
mechanical work involved in ventilating the gills was calculated from 
measurements of the differences in pressure between the buccal and 
opercular cavities. He obtained very low estimates of the cost in the 
range of 0.5-1% of the resting oxygen consumption. Cameron and Cech (1971) 
also criticised these estimates because they were obtained by assuming 
that the resistance across the gills remains constant throughout the 
respiratory cycle, and that changes in the ventilation volume are 
achieved wholly through changes in the pressure gradient across the gills. 
Neither of these assumptions is valid (Cameron and Cech, 1971). 
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Cameron and Cech (1971) used a much more indirect approach. 
They measured the total weight of branchial muscles relative to that of 
the entire muscle mass, and using several values for the oxygen 
consumption of fish muscle tissues, they estimated that the energy 
expenditure of the ventilatory muscles of the mullet (MugiZ cephaZus) 
probably lies between 5 and 15% of its resting oxygen consumption. 
There is a great need for more precise and reliable estimates 
of the relative cost of ventilation of fish, and for an elaboration 
of the predictions made concerning the species differences (Randall, 1971). 
However, two further estimates of the cost of ventilation in Rainbow 
trout are somewhat similar to Cameron and Cech's estimate for the mullet. 
Shelton (1971) calculated, from data collected by Saunders (1962) and 
Holeton and Randall (1967b), that 10-15% of the resting oxygen 
consumption of Rainbow trout was used for ventilation. Hughes and 
Saunders (1970) obtained a value of 12-20% at low ventilation volumes. 
Therefore, the most reliable estimate of the cost of gill ventilation 
in still water would appear to be about 10% of the resting oxygen 
consumption (Hughes, 1973). 
Many species of fish are capable of substantially increasing 
their ventilation volumes in response to hypoxia or to the increased 
oxygen demands of activity. Rainbow trout, for example, increase their 
ventilation volume by as much as 13 fold in response to hypoxia (Holeton 
and Randall, 1967b). 
The work which has been done suggests that this change in 
ventilation volume is associated with a disproportionate increase in the 
cost of ventilation in relation to the fish's total oxygen consumption. 
Jones (1971) suggested that the oxygen uptake of the respiratory muscles 
of fish increases exponentially from rest with an increase in ventilation 
volume. A part of the increased relative cost arises because of the 
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decline in the percentage utilisation with increased ventilation volume 
(Cech and Wohlschlag, 1973). Schumann and Piiper {1966) reported that 
tench increased their ventilation 3 fold during activity, and that the 
associated costs then rose to 44-69% of their total oxygen requirements. 
Hughes and Saunders (1970) obtained similar high estimates of 82% for 
tench and 50% for trout during increased ventilation. While the problems 
of accounting for the increased costs of activity have not been 
satisfactorily overcome when making these estimates, they nevertheless 
suggest that the costs of gill ventilation can represent a very 
substantial proportion of the fish 1 s total energy expenditure, 
especially at increased ventilation volumes. 
In addition, there may be subsidiary costs of ventilation which 
are not immediately apparent. Randall, Baumgarten and Malyusz (1973) have 
shown that the increase in the oxygen transfer across the gills of 
Rainbow trout is associated with an increase in the efflux of sodium ions. 
Therefore, an increase in ventilation may incur an extra indirect cost 
through the energy expenditure required to restore the ion concentrations. 
7.3.2 Assessment of the Ventilation 
Davis and Cameron (1970) and Heath (1972) reviewed the variety 
of methods which have been used to study the gill ventilation of fish. 
Many of the methods they reviewed are unsuitable for assessing the 
relative metabolic cost of ventilation because they only provide 
measurements of the respiratory frequency. The relative metabolic cost 
of ventilation in still water is related to the total amount of water 
pumped, and the resistance to flow through the openings at the mouth and 
at the operculum, and to flow across the gills (Jones, 1967). The 
ventilation volume (minute volume) can be either measured directly or 
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assessed from a knowledge of the respiratory frequency and stroke 
volume. A knowledge of the respiratory frequency is itself insufficient 
because many fish increase their ventilation volumes by increasing the 
respiratory stroke volume without changing the respiratory frequency. 
There are a number of both indirect and direct methods for 
measuring the ventilation volume of fish. Each of them were considered 
to be unsuitable for my purposes because of their inherent inaccuracy, 
or because they required the fish to be tightly constrained, or to have 
apparatus attached directly to some component of the fish's branchial 
pump. Both of these represent a potential interference, whose effect 
on the fish's ventilation is very difficult to assess. 
7.3.2.1 Indirect Methods of Assessing the Ventilation Volume 
The indirect methods for measuring the ventilation volume of 
fish involve calculations based on either the Fick principle (Heath, 1972) 
or on the measurement of the buccal and opercular pressures. 
The assessment based on the Fick principle requires 
accurate measurements of the total oxygen consumption of the fish, and 
the mean oxygen tensions in the water entering and leaving the gills 
{Davis and Cameron, 1971). The mean oxygen tensions are usually 
obtained by collecting a series of water samples through cannulae inserted 
directly into the buccal and opercular cavities. Recent studies have 
shown that water samples collected from cannulae inserted into the 
opercular cavities of trout (Davis and Watters, 1973), and carp {Garey, 
1967), are highly variable and consequently give unreliable estimates of 
the mean oxygen tension of the expired water. Such variation occurs not 
only when the opercular cannular is inserted into different regions but 
also when it is in a fixed position and there is no apparent change in the 
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respiration of the fish (Hughes and Knights, 1968). The variability 
is apparently a consequence of the inequitable distribution and oxygen 
tension of the water flow in different regions of the opercular cavity, 
and the use of cannulae which collect water samples from specific regions. 
As the pattern of water flow across the gills is likely to change with 
an alternation in the respiratory frequency or stroke volume (Hughes and 
Knights, 1968}, the method is unreliable for assessing the relative 
or absolute changes in the ventilation volume that occur during hypoxia 
or anoxia. 
The assessment based on the determination of the buccal and 
opercular pressure difference also requires the cannulation of the 
buccal and opercular cavities. The relative ventilation volume is 
calculated from the algebraic sum of the area beneath the differential 
pressure recording multiplied by the respiratory frequency (Hughes and 
Roberts, 1970; Heath, 1972; Heath and Hughes, 1973). Heath (1972) 
concluded his critical review of the methods for measuring the 
ventilation volume of fish by recommending this method because it 
"yields the most information with the least amount of effect on the fish". 
However, this method also requires the rigid constraint of the fish and 
the attachment of cannulae to the mouth and opercular regions. In 
addition, the calculation of the ventilation volume from the differential 
pressure involves several assumptions including: 
(1) that the resistance to flow remains constant during each respiratory 
cycle and at different ventilation volumes, and 
(2) that an increase in ventilation volume is achieved solely by 
increasing the buccal and opercular pressure difference. 
It is quite obvious that the pressure gradient changes within each 
stroke (Cameron and Cech, 1970; Shelton, 1971). Cameron and Cech (1970) 
have also shown that the relationship between the differential pressure 
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and the water flow is highly dependent on the position of the mouth, 
throat and operculi during each stroke. Further, the resistance across 
the gills themselves is far from constant (Cameron and Cech, 1970; 
Shelton, 1971); the resistance decreases at higher ventilation volumes 
(Hughes and Saunders, 1958). This means that a change in flow could 
be produced without a corresponding change in the pressure gradient. 
While it is true that the assumption of a constant resistance to flow 
is involved in any assessment of 'the cost of ventilation from estimates 
of the ventilation volume, such an assumption is involved twice when 
the ventilation volume is determined from changes in the pressure 
gradient. 
7.3.2.2 Direct Methods 
The direct methods of determining the ventilation volume 
involve the actual measurement of the water pumped across the gills in 
unit time. Early attempts by Hale (1931), Van Dam (1938), Ogden (1945), 
Lenfant and Johansen (1966), Schumann and Piiper (1966) and Piiper and 
Schumann (1967) involved a variety of methods of collecting and 
separating the water entering and leaving the buccal and opercular 
cavities. More recently two basic collections methods have been used 
which involve the attachment of either oral membranes, or opercular 
tubules. 
a). Oral membranes 
A suitably cut membrane is attached around the head of a fish 
between the mouth and the opercular slits. The extremity of this membrane 
is then clamped into an apparatus so that the fish's mouth and opercular 
slits are in different chambers, separated by the membrane. The 
ventilation volume of the fish is then assessed as the volume of water 
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pumped from one chamber to another. There is a change in the area and 
shape of almost any dorso-ventral section taken across the entire head 
region of the fish as the skeletal components of the branchial pump 
articulate during each respiratory stroke. It is, therefore, very 
difficult to attach and seal these membranes without directly interfering 
with the operation of the branchial pump (Heath, 1972). Some workers 
have taken advantage of the unusual morphology of particular species of 
fish which enable the membranes to be attached more readily. Hughes 
(1967) took advantage of the relative immotility of the mouth and 
stiffness of the skin of BaZistes aaprisaus to attach rubber membranes 
and so measure its ventilation volume. Other workers, using less 
amenable species, attached the oral membranes just anterior to the eyes 
where there is minimal expansion and movement during the respiratory 
strokes (Gerald and Cech, 1970). Davis and Cameron (1970) successfully 
attached such oral membranes to s. gairdneri in such a way that there 
was no obvious effect on the fish 1 s respiration. They reported that the 
partial pressure of oxygen in the dorsal aorta was similar before and 
after attaching the membrane, and that the fish 1 s oxygen consumption and 
ability to increase their ventilation was not noticeably affected. In 
addition there was no significant leakage around the membrane. I attempted 
to use similar techniques to attach oral membranes to c. auPatus 
(weighing lOOg), but I found that this could not be done without 
obviously affecting the fish 1 s respiration. 
b). Opercular tubules 
The water expelled from the opercular slits is collected in 
tubules and its volume measured directly. This method is restricted to 
certain species of fish which have morphological characteristics which 
facilitate the attachment of the opercular tubules. Hughes and Knights 
(1968), for example, found that the dorsally directed openings from the 
opercular cavities of the dragonet (CaZlionymous lyra) were very 
suitable for the attachment of such tubules. In spite of these 
morphological features of the fish, and the precautions taken by 
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Hughes and Knights (1968) to reduce the interference, the attachment of 
the tubules increased the oxygen consumption of c. lyra. The increase 
in the oxygen consumption was proportionally less for larger fish which 
were able to pump water against the extra resistance imposed by the 
tubules. The respiratory activity of the larger fish was also less 
restricted by the attachment of the tubes. 
The major shortcomings of all these methods of determining 
the ventilation volume is that (1) the methods require the attachment 
of membranes or cannulae directly to one of the components of the 
branchial pump which represents a direct potential interference with 
what is being measured, and (2) they all require that the fish be tightly 
restrained. The extent of the restraint necessary depends on the methods 
employed. Davis and Cameron (1970) enclosed s. gairdneri, which had been 
fitted with a mouth tube, within a holding tube. They restricted the 
forward movement of the fish with a suitably placed restraining bar, and 
backward movement with a restraining string attached to the upper jaw of 
the fish. Other workers, such as Gerald and Cech (1970) and Hughes and 
Roberts (1970) tightly clamped the fish to prevent almost any movement. 
I developed a technique for determining the relative changes 
in the ventilation volume of c. auratus that occur during anoxia which 
does not require the fish to be rigidly restrained. Unfortunately there 
was not enough time to develop fully this technique, but the results 
obtained were sufficient to enable a general description of the ventilation 
of c. auratus and some assessment of the relative changes in ventilation 
volume and cost that occur in response to anoxia. 
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The method entails a direct determination of the flow velocity 
of the water as it leaves the opercular cavity. A small electrically 
insulated thermistor bead is mounted on the surface of the fish, a few 
millimetres posterior to the opercular slit. Sufficient power is 
directed through the thermistor to raise its temperature slightly above 
that of the surrounding water. When connected to a specially designed 
bridge circuit, the thermistor functions as a velocity sensor. The 
recording obtained is excellent for describing the ventilatory activity 
of the fish. The assessment of the ventilation volume was less 
satisfactorily achieved. It depends upon several empirical calibrations 
and assumptions. Nevertheless, the results obtained were satisfactory 
for the present purpose. 
7.3.3 Procedures 
When power is dissipated in a thermistor the relevant heat 
transfer equation (Sapoff and Oppenheim, 1964) is: 
P = E I 
= dH 
dt 
= D (T - T0 ) + C dT 
dt 
where p is the power dissipated in the thermistor 
E is the thermistor voltage 
I is the thermistor current 
H is heat 
t is the instantaneous time 
D is the dissipation constant 
T is the temperature of the thermistor 
To is the ambient temperature 
c is the heat capacity of the thermistor 
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The dissipation constant (D) is defined as "the ratio at a 
specific ambient temperature of a change in the power dissipated in a 
thermistor to the resultant body temperature change" (Sapoff and 
Oppenheim, 1964). Under a fixed set of conditions the dissipation 
constant depends upon the rate of heat conduction through the leads 
connected to the thermistor, the thermal insulation of the bead and its 
leads, and the thermal conductivity and relative motion of the medium 
surrounding the thermistor (Sapoff and Oppenheim, 1964). The first 
term in the above equation ( D (T-T0) ) therefore governs the heat 
transferred away from the thermistor through the medium. The dissipation 
constant (D) is dependent on the velocity of flow of the medium. 
Therefore, the power input required to maintain the thermistor at a 
constant temperature above the ambient temperature gives a measure of 
the flow velocity (Grahn, Paul and Wessel, 1968). 
Recently some very sophisticated circuits have been designed 
by Grahn, Paul and Wessel (1968) which utilise this principle to measure 
the velocity of blood flows. These workers found that the dissipation 
constant varied linearly with the logarithm of the flow velocity. With 
suitable circuit design and the use of micro-thermistor beads which have 
thermal time constants of about 0.01 s in blood, they constructed 
velocity probes which had a frequency response better than 100 Hz, 
directional sensitivity, and a response which varied linearly with the 
flow velocity. 
I have utilised much simpler circuits and more readily 
available and less expensive thermistors. The longer thermal time 
constants of these thermistors and the simpler circuit I used resulted 
in a lower frequency of response than obtained by Grahn, Paul and Wessel 
(1968). Nevertheless, satisfactory results were obtained after 
accounting for the lag in the response. 
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7.3.3.1 The Thermistor Bridge Circuit 
A simple one thermistor bridge circuit was designed to give 
a maximum response (mV) to a given change in the dissipation constant, 
that is, in the flow velocity. The circuit was designed according to 
the graphical methods of large-signal analysis of Sapoff and Oppenheim 
(1964). The analysis was based upon a voltage-current transfer curve 
which was plotted for each individual thermistor probe used at s0c and 
18°C. The transfer curve was obtained with the thermistor probe 
rigidly mounted in an unstirred water bath at constant temperature. 
An operating point was chosen which was close to the peaks of the 
transfer curves. This minimised the self-heating of the thermistor and 
maximised the shift in the curve for a given alteration in the flow 
velocity (Sapoff and Oppenheim, 1964). An 8.5 V power supply, described 
in Appendix 2, was always used. The values of the individual resistors 
in the bridge circuit were determined graphically after a ~-Y 
transformation of the circuit (Sapoff and Oppenheim, 1964). The 
thermistor bridge circuit used to monitor the ventilation of c. auratus 
at s0c is described in Figure 24. 
7.3.3.2 The Thermistor Probe Assembly 
The thermistor bead was incorporated into a probe so that it 
had a strong and rigid support. It was electrically insulated, but 
there was only a minimal increase in its thermal insulation. The probe 
was then attached to the fish so that it remained in a stable position 
in relation to the flow of water from the opercular slit, and yet its 
attachment did not interfere with the fish 1 s respiratory activity or 
movement. 
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Figure 24 
A diagram of the one-thermistor thermistor bridge circuit used 
to monitor the ventilation of c. auratus at s0c. The circuit was 
designed to generate a maximum potential across the bridge for a given 
change in the flow velocity of the water. The values of the fixed 
resistors and the position of the potentiometer were determined from 
the graphical methods of large signal analysis of Sapoff and Oppenheim 
(1964). The exact values varied when different thermistors were used 
and at different ambient temperatures. The potentiometer was included 
in the circuit to facilitate these changes in resistance without 
necessitating a complete change in all the fixed value resistors. 
Only very minor changes in the position of the potentiometer were 
required to balance the bridge to zero flow conditions. Once the 
circuit had been balanced, and the calibrations had been made, no 
further changes in the position of the potentiometer were made. The 
balance, or zero potential of the bridge at zero flow, corresponds with 
the maximum temperature difference between the thermistor and its 
surroundings, that is, its minimum resistance. When the heated 
thermistor is placed in a flow of water, heat is lost to the water and 
the thermistor temperature falls and its resistance increases. This 
change in resistance generates a potential difference across the bridge 
which is recorded. At s0c the response was effectively halved by 
measuring the potential across only one of the two 1 K ohm resistors 
placed across the bridge. This reduced the response to a more 
convenient range (0 - 100 mV) for recording. The chart recorder used 
was a Rikadenki (Model 8/1). The fixed value resistors were all 
carbon-film resistors (Erie~ watt, 10% tolerance). The potentiometer 
was a single turn, linear, carbon-film potentiometer (Bourne, ~watt, 
10% tolerance). The thermistor was an ITT thermistor bead (type U23UD). 
The naked bead had a diameter of 0.2S mm, a dissipation constant in 
still air at 20°c of 87 u watt / 0c and a zero power resistance of 
2 K ohms at 20°c and 1.7 K ohms at 2s0c (information supplied by the 
manufacturer). An 8.5 V power supply was used in each case (Appendix 2). 
The leads to the thermistor were shielded except where they passed into 
the experimental chamber. The shielding and the metal box which housed 
the circuit were connected to earth through the recorder. 
Thermistor 
recorder 
(10 K ohm) 
500 ohm 
+ 
• 8.5 V D.C. 
Power supply 
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The thermistor probe was constructed in the following way. 
The naked thermistor bead and about 5 mm of its leads were first coated 
with a thin layer of dental resin (Vertex, self-curing dental base 
material). This increased the diameter of the bead from 0.25 mm to 
0.5 mm. Once the resin had set, the leads were soldered to two 
multi-strand copper wires covered with P.V.C. insulation (0.5 mm in diameter 
including the insulation). The soldered joints and about 1 cm of the 
insulated leads were then coated with a thin layer of resin, which was 
then allowed to set. The entire probe, except for the thermistor itself, 
was then coated with a further layer of resin. The probe was then inserted 
while still 'wet', through a 2.5 cm length of 'heat-shrink' tubing 
(3 mm outside diameter). A piece of nylon string (1 mm outside diameter) 
was also coated with dental resin, and while the resin remained in a 
fluid state the string was passed through the tubing. Heat was then 
applied to the tubing, taking care not to directly heat the thermistor 
itself. This causes the tubing to shrink, firmly binding the string and 
the thermistor. The compl€ted thermistor probe is described in Figure 25. 
The probe was attached in position on the fish by passing the 
string over its head and behind its pectoral fins. The string was then 
pulled through a 'slip-knot' until it was tight around the body of the 
fish, but not so tight that it disturbed the fish. The thermistor bead 
was then positioned so that it was about 5 mm from the opercular flap, 
when the latter was closed, about 1 cm above the base of the pectoral fin, 
and about 2 mm above the string which lay against the surface of 
the fish. The thermistor assembly was light and it appeared to have 
very little effect on the fish following a 24 h acclimation period. 
The pair of leads connecting the probe to the bridge circuit were about 
twice as long as the chamber itself, and so the fish could move freely 
within the chamber. 
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Figure 25 
The thermistor probe assembly. The construction of the 
thermistor probe is described in the text. The thermistor bead was 
covered in a very thin layer of dental resin to insulate it, and to 
give it a firm support. The loop of string was used to attach the 
probe in a stable position on the fish. The leads from the 
thermistor were light and flexible and allowed the fish to move 
freely within the chamber. The leads were connected to the bridge 
circuit after passing through the large rubber bung at the end of 
the chamber. The leads were shielded except within the chamber itself. 
in dental resin 
/ Nylon string 
'Heat shrink' tubing -
1 cm 
Insulated leads 
7.3.3.3 The Response of the Thermistor Probe to Constant Flow 
Velocities 
Each of the thermistor probes was calibrated on several 
occasions to a range of constant flow velocities generated in a small 
polythene tube. The thermistor probes were mounted midway along a 
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one metre length of tube (5 mm internal diameter) with the bead rigidly 
held in the centre of the cavity. Water, at a constant temperature of 
s0c or 1a0c, was siphoned through the tube at a variety of constant flow 
rates. The velocity of flow past the thermistor bead was calculated by 
measuring the volume of water collected from the tube in a fixed time 
interval, and the cross-sectional area of the core of the tube. The 
flow velocity (cm min-1) is equal to the volume flux (ml min-1) 
multiplied by the cross-sectional area (cm2). In making this calculation 
no account was taken of the volume or surface area of the thermistor 
probe, nor of the velocity profile of the water flow through the tube. 
The results are presented graphically in Figures 26, 27A and 278. Those 
presented in Figure 26 were obtained at s0c using the circuit described 
in Figure 24. Two different thermistors and slightly different circuits 
were used to obtain the results at 1a0c (Figures 27A and 278). There was 
a linear relationship between the response (mV) and the logarithm of the 
flow velocity (cm min-1) at each temperature. The regression equations 
(included in the Figures) were used to determine the flow velocities 
when the probes were mounted on the fish. 
7.3.3.4 The Response of the Thermistor Probe to Transient Velocities 
As mentioned previously, the circuit design and the thermal 
time constant of the thermistor probe determine the instantaneous response 
of the thermistor to a sudden change in flow velocity. To assess the 
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thermistor probe's response time, and its effect on the interpretation 
of the recordings of the ventilation, I examined the response of the 
thermistor probe to an artificial flow pattern generated in a small tube 
connected to a 'syringe pump' described in Figure 28. This produced a 
sinusoidal change in the flow velocity. During each cycle the flow of 
water began suddenly and then declined to zero. The flow was then 
reversed as the piston of the syringe was drawn back into its original 
position. The flow increased sinusoidally and then suddenly ceased. 
The sudden onset and cessation of the flow occurred at similar 
velocities, and this provided an excellent velocity flow pattern for 
examining the time response of the thermistor probe. A simultaneous 
recording of the mechanical movement of the syringe piston and the 
response of the thermistor probe is presented in Figure 28. The range 
of velocities produced by the pump was similar in magnitude to that 
recorded at the opercular slit during ventilation of c. auratus at 18°C 
(5 - 50 cm s-1). The time course of the changes in velocity which 
occurred during each cycle of .the syringe pump (Figure 28) was also 
comparable with the ventilation frequency of the fish. 
The more important features of the transient response to the 
change in velocity (Figure 28) are: 
1. The response of the thermistor probe is faster for a sudden 
increase in velocity than for a sudden decrease. It takes less time for 
a peak velocity to be registered in response to a sudden onset of the 
water flow, than for zero flow to be registered following a sudden 
cessation of the flow (Figure 28). This produces a lag in the response 
and some discrepancy between the recorded velocity and the actual 
velocity produced by the ventilation of the fish. In many respects this 
artificial flow pattern resembles that produced by the ventilation of 
the fish. During ventilation, the flow of water from the opercular slit 
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also ceases momentarily. A zero flow velocity is not recorded at this 
point because of the lag in the response of the thermistor probe. 
2. The response time of the thermistor probe also depends on the 
instantaneous temperature of the thermistor probe. When the thermistor 
probe is initially at a lower temperature (as a result of a rapid flow 
of water) it responds much more rapidly to a given change in water flow 
(Figure 28). Therefore, although the thermistor does not register a 
zero flow when the flow ceases momentarily before changing direction 
(Figure 28), it does register a decline to a minimum value, and then a 
rise. These changes in velocity occur somewhat more rapidly than those 
produced by the ventilation of the fish, so that the correspondence 
between the actual and recorded velocities when monitoring the ventilation 
is closer than in Figure 28. 
The lag characteristics in the response could be eliminated 
by using more sophisticated circuits, and thermistors with shorter 
thermal time constants, but ·there was not sufficient time to develop 
them. Satisfactory interpretations of the recordings can be obtained 
by keeping these shortcomings of the response in mind. 
7.3.3.5 The Gill Ventilation of c. auratus 
a). Experimental details 
All the recordings of the ventilation were made on fish held 
within a 2.5 l chamber in apparatus A. Each fish was fitted with the 
thermistor probe and allowed 24 to 36 h recovery with a flow of aerated 
water of about 3 l h-1. During this period no power was directed through 
the thermistor. At 0600 hours on the day following the attachment of the 
thermistor probe to the fish, the power to the thermistor was switched on 
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and the ventilation of the fish, under aerobic conditions, was recorded 
for 3 to 5 h. Deoxygenated water was then introduced into the chamber 
to reduce the oxygen concentration. and to maintain anoxia for several 
hours. Aerated water was then reintroduced and the ventilation of the 
fish recorded during several hours of recovery. A continuous recording 
of the ventilation of 10 fish at 1s0c and 5°c was made over a 24 to 36 h 
period. 
All experiments at 1s0 c were conducted during July 1973. The 
10 fish used had a mean wet weight of 116 g (range 93 to 151 g). The 
flow of deoxygenated water in individual experiments was begun between 
0800 and 0930 hours, and continued for between 6 and 8 h. Aerated water 
was reintroduced at between 1500 and 1730 hours and the recording 
continued for a further 7 h. 
All experiments at s0c were conducted between November-December 
1973. The 10 fish used had a mean wet weight of 110 g (range 90 to 140 g). 
The flow of deoxygenated water was begun between 0900 and 1100 hours and 
continued for 11 to 14 h. Aerated water was reintroduced between 1700 and 
2200 hours and the ventilation was monitored during a recovery period 
of about 8 h. The flow of water through the chambers was maintained at 
3 litres an hour throughout each experimental period at both 1a0c and 5°C. 
I did not use rapid water flows during either the deoxygenation or the 
reoxygenation because I was interested in the events occurring during 
the transition periods. The oxygen concentration of the water within the 
chamber was not monitored continuously, but several measurements were 
made throughout the recording period. The oxygen concentrations during 
the transition periods, before and after anoxia, were calculated using 
the following equations derived in a similar way to that described 
in Appendix 3. In calculating the oxygen concentrations no account was 
taken of the effect of the fish's own oxygen consumption on the oxygen 
concentration within the chamber. The equation used to calculate the 
oxygen concentrations during deoxygenation was: 
C = C e-Ft/V 
0 
and during reoxygenation was: 
C = C. ( 1 - e-Ft/V ) , 
where C is the oxygen concentration (mg 1-1) within 
the chamber at time t 
C0 is the oxygen concentration (mg 1-
1) in the 
chamber at time t = 0, at the point of 
beginning the deoxygenation 
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c. is the oxygen concentration (mg 1-1) of water , 
entering the chamber during the reoxygenation 
F is the rate of water flow (0.05 1 min-1) 
t is the time (min) after beginning the flow of 
deoxygenated or oxygenated water 
V is the volume (1) of water in the chamber (volume 
of chamber less the volume of the fish) 
The experimental procedure outlined precluded any prior setting 
of the recorder to zero flow conditions. The zero positions of the 
recorder during the occasional periods when the ventilation of the fish 
ceased completely were used throughout the recording period as zero. 
b). Recording 
The ventilation of c. auratus, monitored by the thermistor 
probe, was recorded using a Rekadenki chart recorder (Model No B/1) and 
an independent paper drive. Plain paper (175 mm wide) was fed through 
the recorder and collected around a kymograph drum (15 cm in diameter) 
111ng on 1ts &,d$1. A time marker. activated at 5 s int~rv11s. providid a 
time scale for the recordings. At the end of the recording period, 
the paper was cut from the drum into lengths of about 80 cm which 
represented about 3.9 min of recording. The basic time interval for 
the quantification of the data was two of these intervals (that is, 
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7.8 min). The movement of the fish also generated a flow of water past 
the thermistor and disturbed the ventilation recording, so that the 
ventilation of the fish could only be assessed when the fish was inactive. 
c). Sample recordings 
In Figures 29 to 32 I have presented some typical recordings 
of the ventilation of c. auratus at 1a0c and s0c, obtained before 
deoxygenation, during hypoxia and anoxia, and during recovery. A 
detailed description of the important features of each recording is 
included in the legend to each of the Figures. However, there are 
several important general features which I shall discuss here: 
1). Throughout the entire recording period there is a rhythmic 
pattern in the recording. At the beginning of each cycle there are two 
unusual respiratory strokes, which produce a different recording from the 
regular strokes. The first stroke is usually smaller, and is followed 
rapidly by another stroke which is often larger than the subsequent 
strokes. I have tentatively described the first two strokes in each 
cycle as a 'cough'. I have neither measured the direction of the water 
flow which produced this 'cough', nor have I studied the muscular 
coordination which produces it, either of which would be required to 
conclusively establish this identification. However, Ballintijn (1969) 
has showed that Cyprinus aarpio also coughs at regular intervals of a few 
respiratory strokes and this produces a pattern of ventilatory activity 
which resembles that which I observed for c. auratus. Ballintijn (1969) 
described the cough or expulsion reflex of Cyprinus aarpio in the 
following terms: 
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Figure 29 
Sample recordings of the gill ventilation of c. au.ratus 
at 1s0c. The fish used weighed 120 g. The upper trace in each 
recording is the voltage output from the thermistor bridge circuit. 
The middle trace marks the extrapolated position of the recording 
under zero flow conditions, that is, when the bridge is balanced 
at maximum thermistor temperature. The deflection of the recording 
above this base line (in mV) is proportional to the logarithm of 
the flow velocity. The lower trace is a time scale. Each 
deflection occurred at 5 s intervals. 
A. A sample recording obtained under aerobic conditions 
some 30 min before beginning the flow of deoxygenated water. 
There is a marked rhythmicity in the recording which is produced 
by the regular occurrence of two unusual strokes at the beginning 
of each cycle. The first is a somewhat smaller stroke. This is 
rapidly followed by another stroke which is often larger than the 
subsequent strokes. These two strokes have been referred to as a 
'cough'. In spite of the momentary cessation of flow of water 
from the opercular slits during each stroke, the response does not 
return to zero because of the relatively long thermal time constant 
of the thermistor probe and circuit. 
B. A sample recording from the fish under hypoxic conditions 
some 30 min after beginning deoxygenation. The respiratory 
frequency and the height of the recording above the zero flow 
position are both increased in relation to A. 
C. A sample recording obtained during anoxia some 2~ hours 
after beginning the deoxygenation. At this time there are periods 
of complete cessation of all ventilation. When ventilation does 
occur it resembles that in A and B with the same rhythmical 
pattern being present. The median height of the recording is, 
however, reduced and so is the frequency, so that each stroke is 
smaller and slower. 
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Figure 30 
Sample recordings of the ventilation of c. auratus at 
18°c continued. 
D. A sample recording obtained during hypoxia some 7 min 
after reintroducing aerated water into the chamber. In spite of 
the low oxygen concentration (<0.5 mg 1-1) within the chamber at 
this time, there were already signs of recovery in the fish's 
ventilation. There were still some periods of complete cessation 
of ventilation. At other times, however, the ventilation 
frequency and height of the trace were low, but they occasionally 
rose to peak values which resembled the fish 1 s aerobic 
ventilation. The regular pattern of the ventilation is still 
apparent with perhaps fewer normal respiratory strokes to each 
1 cough 1 than occurred in A and B. 
E. A sample recording obtained during hypoxia some 38 min 
after reintroducing aerated water. At this time both the 
respiratory frequency and the height of the recording are 
slightly greater than that which occurred under aerobic 
conditions before reducing the oxygen concentration. There also 
seems to be a decrease in the number of normal strokes between 
1 coughs 1 compared with that in A and B. 
F. A sample recording obtained under aerobic conditions 
some 4 hours and 22 minutes after reintroducing the aerated water. 
The recording at this time closely resembles that obtained before 
beginning the deoxygenation. 
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Figure 31 
Sample recordings of the ventilation of c. auratus at 
5°C. The fish used weighed 105 g. 
A. A sample recording obtained under aerobic c~nditions 
some 80 min after beginning the deoxygenation. Once again, there 
is a very noticeable rhythm in the response. The first two strokes 
in each cycle were regarded as a 1cough 1 • 
B. A sample recording obtained during hypoxia, 2 hours and 
15 minutes after beginning the deoxygenation. The respiratory 
frequency and height of the recording are both greater than in A. 
C. A sample recording obtained during anoxia some 5~ hours 
after beginning the deoxygenation. At this time there were long 
periods when the ventilatory activity ceased completely. The 
ventilation which did occur resembled that under aerobic conditions. 
The median height of the recording was, however, lower, so that 
each stroke was smaller and slower. 
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Figure 32 
Sample recordings of the ventilation of c. auPatus at 
s0c continued. 
D. A sample of the recording obtained during hypoxia some 
20 minutes after reintroducing aerated water into the chamber. 
Even at this early stage when the oxygen concentration could not 
have been greater than 0.5 mg 1-1, the ventilation frequency and 
the· height of the recording were considerably greater than that 
which occurred when the fish was under aerobic conditions prior 
to reducing the oxygen concentration (A). There appears to be 
fewer regular respiratory strokes between each 1 cough 1 than in 
aerated water (A). 
E. A sample recording obtained during hypoxia some 38 
minutes after the reintroduction of aerated water into the 
chamber. The respiratory frequency and the height of the 
recording are somewhat reduced compared with that in D. 
F. A sample recording obtained under aerobic conditions 
some 8 hours and 20 minutes after reintroducing the aerated water. 
At this time the ventilatory activity of the fish resembled 
that in A. 
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11 The cough always starts and ends as a normal respiratory 
cycle. The difference is that the adduction phase is 
interrupted by an intermediate expansion of all the 
respiratory cavities, during which the mouth stops closed 
but the opercula are more or less adducted, leaving the 
opercular slit open. Because no water can enter through 
the mouth, a considerable negative pressure develops in the 
buccal cavity which exceeds that in the opercular cavities 
where water can enter through the opercular slit. The 
result is a reversal of the water current through the 
gills, now flowing from the opercular cavities to the 
buccal cavity and washing clean the respiratory epithelium". 
2). During the hypoxic periods which precede and follow the 
anoxic period, there is an increase in the respiratory frequency and in 
the height of the recording above the zero velocity recording. 
3). During the anoxic period at 1s0c and 5°C there are variable 
periods of complete cessation of ventilation. 
4). The pattern of ventilation, when it does occur during anoxia, 
bears a close resemblance to that which occurs under aerobic conditions. 
The 'coughs' still occur at regular intervals. The changes in the 
respiration of c. auratus during anoxia appear to be the result of a 
marked slowing and a reduction of the size of the respiratory movements. 
These general observations provide the basis for the 
quantification of the information available from the recordings. 
d). Quantification 
The following parameters were measured directly from the 
recordings and the average value determined for each 3.9 min period 
throughout the recording period: the percentage of time for apnoea, 
the respiratory frequency, the respiratory stroke to 'cough' ratio, and 
the ventilation volume. 
1). The percentage of time for apnoea 
The percentage of time the fish ceased ventilating its gills 
during each time interval was determined using the time scale on the 
recording, and was expressed as a percentage. 
2). The respiratory frequency 
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The respiratory frequency was determined directly from the 
recording by counting the number of respiratory cycles {including 'coughs' 
as one stroke) that occurred within a given period of time when the fish 
was actively ventilating its gills. The restriction of quantification to 
periods of active ventilation also applied to all following measurements. 
3). The respiratory stroke to 1 cough 1 ratio 
This involves the measurement of the average number of normal 
respiratory strokes which occurred between 'coughs'. Ballintijn {1969) 
suggested that the number of normal respiratory strokes between the 
coughs of c. carpio are less under unfavourable conditions. I therefore 
determined the respiratory stroke to 'cough' ratio of c. auratus to 
see whether similar changes occurred. 
4). The ventilation volume 
The output from the thermistor circuit provides a measure of 
the flow velocity in the immediate vicinity of the thermistor. However, 
there are several major problems in using these measurements to assess 
the relative changes in the ventilation volume of the fish. 
The velocity measurements were always made with the probe in 
a fixed position just above the base of the pectoral fin. The readings, 
therefore, only refer to one specific area over the entire region of 
water outflow from the opercular chamber. The velocity of flow at 
other positions is unknown. In addition, it is possible that the 
distribution of the water flow from the opercular cavity may change, 
when the respiratory frequency or stroke volume are altered in response 
to hypoxia. Therefore, it is unwise to assume that the relationship 
between the measured flow velocity at a particular point, and the total 
ventilation volume remains the same. 
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In order to calculate the total ventilation volume from a 
measurement of the flow velocity, the area over which the flow occurs 
must be known. During each respiratory cycle the area over which the 
water flows through the opercular slit varies quite considerably. 
Indeed, it is the movement of the operculum in relation to the body of 
the fish which provides part of the driving force for the expulsion 
of the water from the opercular cavity. It also appears that the 
extent of this movement, that is the maximum dimension of the opening, 
varies somewhat with the stroke volume. 
I have overcome both of these difficulties by empirically 
determining the relationship between the velocity of flow at the 
thermistor bead and a simultaneous, independent measurement of the 
ventilation volume. 
A further problem arises as a consequence of the poor time 
response characteristics of the thermistor probe and circuit. This 
produces a transient discrepancy between the actual velocity and the 
recorded velocity calculated from the calibration of the probe to 
constant flow velocities. This makes it very difficult to calculate the 
mean flow velocity over a period of time. I showed earlier that the 
response of the thermistor probe to constant flow velocities was linearly 
related to the logarithm of the velocity. I shall show below that, to a 
reasoriable approximation, the median response of the thermistor to a 
pulsed flow is also linearly related to the logarithm of the mean flow 
velocity. The median response is the midpoint of the deflection of the 
trace above the zero velocity position during each respiratory cycle. 
Calibration of the ThePrnistor Pr•obe to a Pulsed Flow 
The thermistor probe was mounted in the centre of a one metre 
length of polythene tube (7 mm internal diameter). A pulsating flow of 
water through the tube was produced by attaching one end of the tube 

Figure 33 
Calibration of the thermistor probe to pulsed flow velocities at 1a0c. The pulsed flow 
was generated in a polythene tube (7 mm internal diameter) connected to a peristaltic pump. Two 
different stroke volumes were produced by using two tubes of different diameter in the peristaltic 
pump. The range of stroke frequencies produced by varying the speed of rotation of the pump was 
similar to the range of respiratory frequencies displayed by c. au:ratus under aerobic and anaerobic 
conditions at 18°C (10 - 60 strokes min-1). The mean velocities produced in the tube were somewhat 
higher than that produced by the ventilation of the fish. The median response (the value in mV 
halfway between the maximum and minimum of the velocity recording) was measured directly from the 
recording. There is a high association (r = 0.98) between the median response and the logarithm 
of the mean velocity over the range of velocities examined. 
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to a peristaltic pump. I varied the frequency of rotation of the 
peristaltic pump so that the stroke frequency corresponded with the 
respiratory frequencies of c. auratus under aerobic and anaerobic 
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conditions. Two tubes of different diameters were used in the peristaltic 
pump to produce a variation in stroke volume. The results and details 
of the experiment are presented in Figure 33. The mean velocity of water 
flow through the tube was calculated from the volume of water pumped 
through the tube in a measured time, and from the cross-sectional area 
of the tube. 
There was a linear relationship between the median response (mV) 
and the logarithm of the mean flow velocity (cm min- 1) when tested over 
a wide range of stroke frequencies and with two stroke volumes (Figure 33). 
This calibration provided a method for quantifying the ventilation 
recording. 
Empiriaal Calibr•ation of ·the Thermistor PY.obe Response and 
the Ventilation VoZwne 
To establish the relationship between the mean flow velocity 
at the thermistor and the net ventilation volume, I required a 
simultaneous and independent method for assessing the ventilation volume. 
I did this by inserting a short (4 cm) piece of polythene tube (5 mm 
internal diameter) into the mouth of a fish and measuring the volume of 
water passing through this tube. A separate thermistor probe was 
mounted in this tube. The ventilation volume was calculated from a 
measurement of the mean velocity of water flow past this thermistor probe, 
and the diameter of the mouth tube. The exterior of one end of the tube 
was fitted with a layer of plastic sponge material which provided a seal 
around the tube when it was fitted inside the mouth of the fish. The 
other end of the tube was fitted with a valve constructed from thin latex 
rubber material. The valve was used to try to offset some of the effects 
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of the fish not being able to close its mouth during each respiratory 
cycle. It allowed water to enter, but not leave, the mouth through the 
tube. Its inclusion was also necessary to prevent water being expelled 
through the mouth during ventilation which would produce a discrepancy 
between the water flow at the mouth and at the opercular slits (the 
thermistor probe is not directionally sensitive). Once the mouth tube 
and thermistor probe were fitted, the fish was allowed to recover for 
about 4 h. A simultaneous record was then made of the response of the 
two thermistor probes over several hours. During this period the fish 
was subject to hypoxia to stimulate a variety of respiratory frequencies 
and volumes. A similar calibration was performed with several different 
fish. Representative results are presented in Figure 34. 
The results presented show that, at.mean opercular velocities 
between 5 and 20 cm min-1. there was a linear relationship between the 
mean mouth velocity (ventilation volume) and the mean opercular velocity 
of flow. By comparison, the results presented later show that at 1a0c 
the mean opercular velocity recorded during aerobic and anaerobic conditions 
varied from about 5 to 40 cm min-l (Figure 57). The lower range of 
s 
velocities recorded in the former case perhaps reflects the d\ability 
imposed by the insertion of the tube into the mouth of the fish. This 
represents one major objection to the calibration. However, the aim 
of the calibration was not to obtain an absolute measurement of the 
ventilation volume, but merely to establish the approximate relationship 
between the mean velocity recorded at the opercular slit and the 
ventilation volume. It is unlikely that the mouth tube would have 
greatly affected this relationship. 
One additional factor in support of this calibration is that 
using the regression equation in Figure 34, the ventilation volume 
for a 120 g fish is about 140 ml min-l at 18°C. This value compares 

Figure 34 
The empirically determined relationship between the mean velocity of water flow at the mouth 
and at the opercular slit. The results were obtained at 1a0c using a 120 g fish. Each point 
represents the mean value of 30 - 60 estimates of the median height of the recording from one 
thermistor in the mouth tube and another mounted near the opercular slit. The mean velocities were 
calculated from a previously conducted calibration of the probes to constant velocities. The 
ventilation volume (right hand ordinate scale) was calculated from the mouth velocity and the cross-
sectional area of the mouth tube. The regression equation was calculated only from the values of 
the mean opercular velocities above 5 cm min-1. The reasons for the sudden change in the 
relationship for lower values is unknown, however it was a common feature of all similar calibrations. 
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favourably with those presented in a review of the various measurements 
of the ventilation volume made by other workers (Davis and Cameron, 1971). 
7.3.4 Results 
There was some variation in the times the deoxygenation and 
the reoxygenation of the water in the chambers was begun and the length 
of the anoxic period in each of the 10 individual experiments conducted 
with single fish at both 1a0c and 5°C. The results for individual fish 
were synchronised at the times when the deoxygenation and reoxygenation 
were begun, and combined to express the changes in the ventilation 
parameters during several hours recording before and after 
beginning the deoxygenation, and after reintroducing oxygen into the 
chamber. The recording periods were divided into consecutive intervals 
of 7.8 min (two of the 3.9 min periods used for quantifying the results). 
The results obtained for the 10 individual fish during each such interval 
were pooled and the mean and standard error calculated for each parameter. 
Two separate results for each fish were obtained during this period, 
so that the sample size in each case was 20. The collected results of 
the experiments conducted at 5°C and 1a0c are presented in Figures 35-46 
and Figures 47-57 respectively. 
In addition, data collected for each parameter during a 40 min 
period at selected times before, during and after anoxia were pooled 
and the mean and its 95% confidence interval calculated. This provided 
a summary of the changes in the ventilation parameters at each 
temperature and the data so collected was used for statistical analysis. 
This information is presented in Tables 10, 11 and 12. The data 
selected for inclusion in these Tables is enclosed within shaded areas in 
the relevant Figures. The data labelled 'A' was obtained under aerobic 
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conditions just before beginning the deoxygenation. The next set of 
data is representative of the anoxic ventilation of the fish (labelled 
'B'). It was taken 42S and 32S min after beginning the deoxygenation 
at s0c and 18°C respectively. At these times the ventilation of the 
fish was regular and each parameter had reached a steady value. A 
further sample was taken a similar period after reintroducing oxygen into 
the chamber at each temperature. At this time the results show that 
each of the parameters had reached a steady value and there was little 
temporal change. At s0c two further samples were taken to assess the 
significance of the changes in the ventilation frequency and volume 
during the period of hypoxia, before and after anoxia. 
It should be recalled that the results were obtained during 
a specific season of the year, and using a specific schedule for 
deoxygenation and recovery. The details of this are included in the 
legends to Figures 3S, 36, 37 and 47. 
A detailed description of the results is also included in 
the legends to the appropriate Figures. What follows is a summary of 
the changes in the different parameters. 
The first recordings of the ventilation were obtained after 
allowing the fish to recover from the attachment of the thermistor probes, 
and to acclimate to the chamber for 24 h. At s0c apnoea occurred for 
approximately 2S% of the time. At 18°C the ventilation was continuous. 
Initially there was no change in the percentage of time the fish ceased 
ventilating their gills with a decline in oxygen concentration. However, 
-1 0 
when the oxygen concentration fell to about 1.0 mg l at 18 C, and 
O.S mg 1-l at s0c, it began to rise sharply (Figures 36 and 47), reaching 
a peak of 80% at s0c, and 50% at 18°C, soon after the onset of anoxia. 
At both temperatures the percentage of time for apnoea appeared to decline 
somewhat during the subsequent period of anoxia. The apnoea occurred at 
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regular intervals and was usually of less than 10 min duration. The 
periods of apnoea were separated by periods of continuous ventilation of 
similar length. 
There was initially no change in the respiratory frequency 
and the mean velocity at the opercular slit with a fall in oxygen 
concentration. At s0c both parameters initially rose when the oxygen 
concentration fell below about 5 mg o2 1-
1
, and then fell as it reached 
0.5 mg o2 1-
1
. Both the ventilation frequency and mean velocity during 
hypoxia were significantly greater than that recorded under aerobic and 
anaerobic conditions (Table 11). The subsequent fall was rapid and 
coincided with the decline in oxygen concentration to anoxia. There was 
no apparent extension of the ventilation into the anoxic period. Both 
the ventilation frequency and mean velocity at the beginning and end of 
the anoxic period were similar. Both parameters were significantly 
different during anoxia from that recorded under aerobic conditions, 
before and after anoxia (Table 10). 
At 1a0c there was no initial increase in either the ventilation 
frequency or the mean velocity during hypoxia. Both were initially 
maintained at levels similar to that recorded under aerobic conditions. 
Both fell as the oxygen concentration fell below 3 mg o2 1-l (considerably 
higher than the corresponding concentration for decline at s0c). Once 
again the decline in ventilation frequency and mean velocity was rapid and 
followed the reduction in oxygen concentration. Minimum values were 
reached soon after the onset of anoxia, and there was no change in their 
values during the anoxic period. 
The ventilation frequency and volume during anoxia, at both 
temperatures, were significantly lower than that recorded under aerobic 
conditions (Tables 10 and 12). At 5°c ventilatiorfrequenc1cieclined to 
about 60% and the velocity to about 50% of the respective aerobic values. 
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At 1a0c, both the aerobic ventilation volume and frequency were higher 
than that recorded at 5°C, and the relative reduction in response to 
. . . . frequency o 
anoxia were greater. The aerobic ventilation at 18 C was about 
5 times, and the mean velocity was about 5 times, those recorded at 5°C. 
During anoxia at 1a0c the ventilation frequency was only 25%, and the 
volume 10%, af the respective aerobic values. 
It is significant that the general pattern of the ventilation 
remained the same during anoxia despite the substantial reduction in 
ventilation volume and the increase in apnoea. Also the ventilation 
appeared to remain steady throughout the period of anoxia. There is, 
therefore, little suggestion of a progressive collapse in ventilation. 
At both 1a0c and 5°c there was an initial increase in the 
number of normal beats to each 'cough' during hypoxia. Unfortunately 
there were insufficient data to establish the changes in this ratio 
during anoxia, because of the difficulty of recognising the 'cough' 
from the normal beats. 
Perhaps the most interesting feature of the change in the 
ventilation during the recovery from anox·ia was the rapidity with which 
the normal ventilatory activity returned. The sample traces (Figures 
30 and 32) show that the ventilation during the initial recovery period 
was characterised by short periods of complete inactivity, which 
alternated with active periods in which the ventilation frequency and 
velocity were initially low, increased to values resembling aerobic 
values, and subsequently declined to zero. The first noticeable increase 
in ventilation during the recovery period occurred after a mean period 
of flow of aerated water of 5.4 min (range 0.7 min to 11 min, N = 10) 
at 1a0c, and 6.0 min (range 1 min to 15 min, N = 10) at 5°C. At both 
of these mean times the oxygen concentration within the chamber was 
estimated to be less than 1.0 mg 1-1. 
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There was also a very rapid return of the ventilation to 
aerobic levels. After 25 min of flowing aerated water into the chamber 
at 5°C, the ventilation of the fish was continuous, and the ventilation 
frequency and volume were similar to, or greater than, that recorded 
during aerobic conditions (Tables 10 and 11), yet the oxygen concentration 
was still only 3 mg o2 1-
1
. Both the frequency and volume, after 50 
min, were significantly greater than that recorded under aerobic 
conditions. Yet the oxygen concentration was still only 5 mg o2 1-
1
. 
The ventilation frequency subsequently fell and remained somewhat lower 
than that recorded before the deoxygenation during the remainder of 
the recovery period. The velocity also fell but it remained slightly 
higher than recorded previously. 
At 1a0c the recovery was also very rapid and complete. The 
ventilation was continuous after only 25 min. After 50 min the 
ventilation frequency and volume had returned to their pre-anoxic 
levels. There was no elevation of either during hypoxia as occurred 
at 5°C. The mean velocity of flow remained slightly lower than was 
recorded before reducing the oxygen concentration, even after several 
hours of aerobic recovery. 
At both 1a0c and 5°c the recovery of the aerobic respiratory 
stroke to 'cough' ratio was more gradual than that for the other 
ventilation parameters. At 5°c the ratio was initially high and fell 
with the increasing oxygen concentrations within the chamber. The 
lowest ratios were found after 72 and 25 min of flow of aerated water 
at 5°c and 1a0c respectively. Thereafter there was a steady increase 
in the ratio until after 400 and 250 min at 5°C and 1a0c respectively, 
there was no significant difference from the ratio recorded under 
aerobic conditions (Tables 10 and 12). 

Figure 35 
The percentage of time c. auratus ceases ventilating its gills under aerobic conditions 
before deoxygenation at s0c. The fJow of deoxygenated water was begun between 0900 and 1100 hours. 
The 10 fish used had a mean weight of 110 g. The horizontal bar represents the mean, and the 
vertical bar± one standard error of the mean. The sample size in each case was 20, which included 
two values obtained from each of the 10 fish within each of the respective 7.8 minute time intervals. 
The data enclosed within the shaded area A was used for statistical analysis (Tables 10 and 11). 
The recording of the ventilation during several hours of aerobiosis before reducing the 
oxygen concentration was made to determine the variability of each of the parameters under aerobic 
conditions. 
Under aerobic conditions, c. au:Patus displays a regular pattern of inactivity in its 
ventilation. Apnoea occurred for between 10% and 30% of the time. 
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Figure 36 
The percentage of time c. auratus ceases ventilating its gills during deoxygenation at s0c. 
The time referred to on the abscissa is the time after beginning the flow of deoxygenated water into 
the chamber. The oxygen concentration {right hand ordinate scale) was calculated according to the 
equation presented in 7.3.3.5. The delay in the decline of the oxygen concentration in the chamber 
arises because of the 200 ml of water contained within the temperature equilibration coils of 
apparatus A. This must be displaced before deoxygenated water can enter the chamber. The flow of 
deoxygenated water in individual experiments was begun at between 0900 and 1100 hours. It was 
continued for between 11 and 14 hours before aerated water was reintroduced. 
The horizontal bar represents the mean and the vertical bar ± one standard error of the 
mean. The sample size in each case was 20. There was little change in the percentage of time the 
ventilation was stopped until the oxygen concentration fell to about 0.5 mg 1-1. There was then a 
rapid increase to about 80% soon after the water in the chamber became anoxic. There was extensive 
apnoea throughout the remaining 5 hours of anoxia. The results within the shaded area B were used 
for statistical analysis and the mean value was found to be significantly greater {Table 10) than 
that in A in the previous Figure. There was a gradual decrease in the percentage of time c. auratus 
ceases to ventilate its gills throughout the anoxic period. The statistical significance of the 
change has not been determined. 
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Figure 37 
The percentage of time c. au:t>atus ceases ventilating its gills during recovery from anoxia 
at s0c. The time referred to on the abscissa is the time after beginning the flow of aerated water 
at 3 l h-1, following a period of anoxia. The oxygen concentration on the right-hand ordinate scale 
was calculated using the equation described in 7.3.3.5. The delay in the rise in the oxygen 
concentration within the chamber arose because of the 200 ml of water contained within the 
temperature equilibration coils of apparatus A, which must be displaced before aerated water can enter 
the chamber. The flow of aerated water was begun at between 1700 and 2200 hours. 
The horizontal bar represents the mean and the vertical bar ± one standard error of the mean. 
The sample size in each case was 20. 
The ventilatory activity very quickly returned during the recovery period. After only 25 
minutes, the oxygen concentration was only about 0.5 mg 1-1, yet there was continuous ventilation. 
Even after some 400 minutes the ventilation was still continuous and did not show the periodic 
cessation of ventilation that characterised the ventilatory activity under aerobic conditions before 
reducing the oxygen concentration. 
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Figure 38 
The respiratory frequency of c. auratus during aerobic conditions before deoxygenation 
at s0c. 
The legend is similar to that for Figure 35. 
The respiratory frequency of c. auratus remained steady for the three hour recording 
period before deoxygenation. 
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Figure 39 
The respiratory frequency of c. auratus during deoxygenation and anoxia at s0 c. 
The legend is similar to that for Figure 36. 
As the oxygen concentration within the chamber fell, the respiratory frequency rose 
slightly. The data within the shaded area D was used for statistical analysis {Table 11), and its 
mean was found to be significantly greater than that of the data in A {Figure 38). At very low 
oxygen concentrations however, there was a sharp decline in the respiratory frequency, which then 
remained low throughout the anoxic period. The decrease in the mean respiratory frequency from A 
{Figure 38) to Bis significant (Table 10). 
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Figure 40 
The respiratory frequency of c. auratus during recovery from anoxia at s0 c. 
The legend is similar to that for Figure 37. 
The respiratory frequency increased very markedly during the first 25 minutes, at which 
time the oxygen concentration was only about 3 mg 1-1. The ventilation remained high only for a 
short period. The mean value of the data in the shaded area R is significantly different from 
that of the data in B (Figure 39) and C (Table 11). This elevation in the respiratory frequency 
occurred despite the hypoxia within the chamber. After about an hour the respiratory frequency 
fell and remained at a steady rate throughout the rest of the recovery period recorded. The mean 
of the data in C, obtained after 400 minutes recovery, was still significantly different 
(Table 10) from that in A (Figure 38). 
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Figure 41 
The respiratory stroke to 'cough' ratio of c. au:ratus under aerobic conditions before 
deoxygenation at s0c. 
The legend is similar to that in Figure 35. 
There were between 2 and 3 normal respiratory strokes to each 'cough' under aerobic 
conditions. The ratio remained steady throughout the 4 hours of recording before the deoxygenation. 
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Figure 42 
The respiratory stroke to 'cough' ratio of c. auratus during deoxygenation and anoxia 
at 5°C. 
The legend is similar to that for Figure 36. 
Insufficient data was obtained during anoxia for a detailed comparison because of the 
difficulty in identifying the 'coughs' during anoxia. However, the results presented in this 
Figure suggest that there is a rise in the number of normal respiratory strokes to each 'cough' 
during hypoxia (significance not determined). 
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Figure 43 
The respiratory stroke to 'cough' ratio of c. auroatus during recovery from anoxia at s0c. 
The legend is similar to that for Figure 37. 
There was an initial fall in the number of normal strokes to each 'cough' during the first 
50 minutes of hypoxia. The mean stroke to 'cough' ratio fell below 2, then rose to values similar 
to those recorded before anoxia. There was no significant difference (Table 10) in the mean 
respiratory stroke to 'cough' ratio before (A in Figure 41), and after (C), anoxia. 
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Figure 44 
The mean velocity of water flow at the opercular slit of c. au:t'atus under aerobic 
conditions before deoxygenation at s0c. 
The legend is similar to that for Figure 35. 
There is little change in the mean velocity of flow during the recording period before 
reducing the oxygen concentration. 
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Figure 45 
The mean velocity of water flow at the opercular slit of c. auratus during deoxygenation 
and anoxia at s0c. 
The legend is similar to that for Figure 36. 
There is an initial increase in the mean velocity of water flow as the oxygen 
concentration in the chamber falls. This is followed by a decline soon after the onset of anoxia, 
to a level which remains steady during the remainder of the recording period. The mean of the 
values in the shaded area D is significantly greater {Table 11) than that in A {Figure 44) or B. 
Also the mean velocity during anoxia {B) is significantly different {Table 10) from that recorded 
under aerobic conditions {A) {Figure 44). 
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Figure 46 
The mean velocity of water flow at the opercular slit of c. auratus during recovery from 
anoxia at s0c. 
The legend is similar to that for Figure 37. 
There is a very sudden rise in the mean velocity recorded at the opercular slit during the 
first 50 minutes of recovery. This rise occurs whilst the oxygen concentration is still low. Soon 
after this, however, the mean velocity falls to a level which is maintained throughout the rest of 
the recovery period. The rise in the velocity to the mean value of the data in R is significant 
(Table 11) in relation to both the median velocity during anoxia (B) and during a later stage of 
recovery (C). 
The mean velocity late in the recovery (C) is still significantly greater (Table 10) than 
that during anoxia (B) and that recorded under aerobic conditions prior to anoxia (A). 
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Table 10 
Summary of the Changes in the Ventilation of c. auratus During Anoxia and a Subsequent Recovery Period at 5°c 
y 
Percentage of Time 
Ventilation Ceases* 
Respiratory 
Frequency . _1 {strokes min )** 
Respiratory 
stroke to 'cough' 
Ratio* 
Mean Velocity 
{cm min-1)** 
A 
AEROBIC 
25.28 
{31.27 - 19.30) 
N = 95 
10.63 
{12.21 - 9.26) 
N = 88 
3.40 
{ 3.62 - 3.18) 
N = 37 
6.04 
{ 7.90 - 5.14) 
N = 102 
B 
ANAEROBIC 
66.26 
{71. 77 - 60. 75) 
N = 108 
4.31 
{ 5.16 - 3.60) 
N = 108 
3.98 
{ 4.83 - 3.30) 
N = 82 
c 
AEROBIC RECOVERY µA = µB# 
0 P<0.001 
9.07 
{11.23 - 7. 33) P< 0.001 
N = 68 
2.73 
{ 3.11 - 2.35) 
N = 62 
8.20 
{10.56 - 6.37) 
N = 54 
P< 0. 001 
A, B, C Data contained within the labelled areas of the relevant Figures. 
* 
** 
Statistical analysis performed without transforming the data 
mean Y 
{95% confidence 
Number in the 
Statistical analysis performed after a logarithmic transformation of the data 
µB = µC# µA = µC# 
P< 0.001 P< 0.001 
P< 0.001 P<0.001 
N.S. 
P<0.001 O.Ol<P<0.02 
interval) 
sample 
exp [mean {log Y)] 
{95% confidence interval) 
Number in the sample 
# 
N.S. 
The probability that the population means 
Not significant {P>0.05). 
for the two samples are equal {Student's t-test). 
N 
N 
CX> 
" 
Table 11 
Summary of the Changes in the Ventilation of c. auratus During Hypoxia, Before and After a Period of Anoxia 
at 5°C 
y 
Respiratory 
Frequency 
(stroke min-1)** 
Mean Velocity 
( . -1) cm min ** 
D 
BEFORE ANOXIA 
15.33 
(18.80 - 12.51) 
N = 77 
20.28 
(25.51 - 16.13) 
N = 79 
R 
AFTER ANOX IA 
17.42 
(19.59 - 15.49) 
N = 81 
26.93 
(34.43 - 20.93) 
N = 86 
µA = µD# 
0.001< P< 0.005 
P< 0.001 
A, B, C, D, R Data obtained within the labelled areas of the relevant Figures. 
µD = µB# µB = µR# µR = µC# 
P< 0.001 P< 0. 001 P< 0.001 
P< 0.001 P< 0.001 P<0.001 
exp [mean (log Y)] 
** Statistical analysis performed after a logarithmic transformation of the data (95% confidence interval) 
Number in the sample 
# The probability that the population means for the two samples are equal (Student's t-test). 
N.S. Not significant (P> 0.05). 
N 
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Figure 47 
The percentage of the time c. aUl'atus ceases ventilating its gills during deoxygenation 
and anoxia at 1s0c. The fish maintained continuous ventilation under aerobic conditions before and 
after a period of anoxia. 
All experiments at 18°C were conducted during July 1973. The 10 fish used had a mean 
weight of 116 g. The equation used to calculate the oxygen concentration was identical with that 
used during experiments at s0 c. The fl ow of deoxygenated water was commenced between 0800 and 
0930 hours in individual experiments and was continued for 6 to 8 hours before reintroducing 
aerated water, at between 1500 and 1730 hours. 
The horizontal bar represents the mean and the vertical bar ± one standard error of the 
mean. The sample size in each case was 20. This included two values for each of the 10 fish 
obtained over a 7.8 minute period. 
There was a sudden increase in the percentage of time the fish ceased ventilating their 
gills as the oxygen fell below about 2.0 mg 1-1. The mean percentage of time the ventilation 
ceases rose to about 50% after 200 minutes. During anoxia there was an apparent increase in apnoea. 
The mean value at about 300 minutes (B) is significantly greater (Table 12) than zero. 
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Figure 48 
The percentage of time c. auratus ceases ventilating its gills during recovery from 
anoxia at 1a0c. 
The legend is similar to that for Figure 47. 
There was a very rapid return of continuous ventilation during the recovery period. 
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Figure 49 
at 1a0 c. 
The respiratory frequency of c. auratus under aerobic conditions before deoxygenation 
The legend is similar to that .for Figure 47. 
There is very little change in the respiratory frequency during the recording period. 
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Figure 50 
The respiratory frequency of c. au:r>atus during deoxygenation and anoxia at 1a0c. 
The legend is similar to that for Figure 47. 
The respiratory frequency was initially maintained at the aerobic rate. However, there 
was a sharp fall in the frequency after about 75 minutes, when the oxygen concentration fell below 
2.0 mg 1-1. The respiratory frequency remained low throughout anoxia. The mean frequency during 
anoxia (B) was significantly lower (Table 12) than that under aerobic conditions (A, Figure 49). 
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Figure 51 
The respiratory frequency of c. auPatus during recovery from anoxia at 1a0c. 
The legend is similar to that for Figure 47. 
There is a rapid increase in the respiratory frequency which begins almost immediately 
there is an increase in the oxygen concentration within the chamber. After some 300 minutes 
the mean respiratory frequency (C) is significantly greater (Table 12) than that during anoxia (B) 
but is not significantly different (Table 12) from that in aerobic conditions (A, Figure 49). 
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Figure 52 
The respiratory stroke to 'cough' ratio for c. aura-tus under aerobic conditions before 
deoxygenation at 1s0c. 
The legend is similar to that in Figure 47. 
There is very little change in the ratio under aerobic conditions. 
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Figure 53 
The respiratory stroke to 'cough' ratio for c. auratus during deoxygenation and anoxia 
at 18°C. 
The legend is similar to that in Figure 47. 
Insufficient data was collected during anoxia to make a comparison because of the 
difficulty of recognising 'coughs' during anoxia. The results presented suggest a slight rise in 
the ratio during hypoxia (Significance not determined). 
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Figure 54 
The respiratory stroke to 'cough' ratio for c. auratus during recovery from anoxia at 18°C. 
The legend is similar to that for Figure 47. 
Soon after the reintroduction of oxygen into the chamber there are few strokes to each 
'cough'. The number of normal strokes rose steadily during the recovery period. After some 250 to 
300 minutes, the mean value (C) is not significantly different (Table 12) from that for B (Figure 53). 
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Figure 55 
The mean velocity of water flow at the opercular slit of c. auratus under aerobic 
conditions before deoxygenation at 18°C. 
The legend is similar to that for Figure 47. 
There is very little change in the mean velocity under aerobic conditions. 
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Figure 56 
The mean velocity of wat€r flow at the opercular slit of c. auratus during deoxygenation 
and anoxia at 18°c. 
The legend is similar to that for Figure 47. 
The mean flow velocity is maintained for about the first 50 minutes (oxygen concentration 
about 5 mg 1-1), but then declines rapidly with a further fall in oxygen concentration. The mean 
velocity of flow remains low during anoxia. The mean value of the data in B is significantly lower 
(Table 12) than that in A (Figure 55). 
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Figure 57 
The mean velocity of water flow at the opercular slit of c. au:ratus during recovery from 
anoxia at 18°C. 
The legend is similar to that for Figure 47. 
There was a rapid rise in the velocity which began almost immediately after oxygen began 
to enter the chamber. After some 200 minutes the mean velocity was still significantly different 
(Table 12) from that which occurred under aerobic conditions A (Figure 55). 
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Table 12 
Summary of the Changes in the Ventilation of c._auratus During Anoxia and a Subsequent Recovery Period at 18°C 
y 
Percentage of Time 
Ventilation Ceases* 
Respiratory 
Frequency 1 (strokes min- )** 
Respiratory 
stroke to 1 cough 1 
Ratio* 
Mean Velocity 
( . -1) cm mm ** 
A 
AEROBIC 
0 
51.63 
(55.56 - 47.96) 
N = 114 
3.54 
( 4.06 - 3.08) 
N = 106 
36.95 
(41.16 - 33.17) 
N = 82 
B 
ANAEROBIC 
30.44 
(36.04 - 24.84) 
N = 114 
13.00 
(13.79 - 12.27) 
N = 119 
3.90 
( 3.57 - 4.26) 
N = 108 
c 
AEROBIC RECOVERY µA = µB# µB = µC# 
0 P<0.001 P< 0.001 
55.56 
(57.36 - 53.43) P<0.001 P<0.001 
N = 109 
3.99 
( 4.67 - 3.42) 
N = 117 
28.25 
(29.87 - 26.71) P< 0.001 P< 0.001 
N = 113 
A, B, C Data within the labelled areas of the relevant Figures. 
* Statistical analysis performed without transforming the data 
mean Y 
(95% confidence interval) 
Number in the sample 
µA = µC# 
N.S. 
N.S. 
P< 0 .001 
** 
exp [mean (log Y)] 
Statistical analysis performed after a logarithmic transformation of the data (95% confidence interval) 
Number in the sample 
# 
N.S. 
The probability that the population means for the two samples are equal (Student's t-test). 
Not significant (P> 0.05). 
N 
+:>-
...... 
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7.3.5 Discussion 
There are many shortcomings associated with the use of 
thermistors to assess the ventilation volume of fish. A considerable 
amount of work has yet to be done before an absolute measurement of 
the ventilation volume can be obtained. One major advantage of using 
thermistors, rather than some other methods is the smaller interference 
with normal physiological processes involved in obtaining the 
measurements. The fish are not required to be tightly constrained, nor 
to have membranes or other apparatuses attached directly to the 
operculum or some other component of the ventilation pump. The empirical 
calibration (Figure 34) provides some assurance that there is a direct 
proportionality between the ventilation volume, and the mean flow 
velocity recorded at the opercular slit. I have assumed this to be 
valid in the following discussion of the relative changes in ventilation 
that occur during anoxia. 
In assessing the relative changes in ventilation and its 
associated costs during anoxia, one must ensure that the only changes 
in ventilation occur as a response to the change in the oxygen 
concentration. It was not possible to conduct all the measurements at 
the same time of the day, so that it is possible that at least some of 
the changes in ventilation that occur may reflect a diurnal change in the 
respiration of the fish. However, preliminary experiments showed that 
these diurnal changes were only minor. In addition, there is some 
indication from the results presented, that the comparison was valid. 
At both temperatures the period of recording the ventilation under 
aerobic conditions began at 0630 hours, immediately after the lights 
in the aquarium were switched on. The deoxygenation was begun between 
0900 and 1100 hours at s0c, and between 0800 and 0930 hours at 18°C, and 
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continued until aerated water was reintroduced between 1700 and 2200 
hours at 5°c, and between 1500 and 1730 hours at 1a0c. The lights in 
the aquarium were switched off at 1830 hours so that the majority of 
the hypoxia and anoxia occurred during the daylight hours. The recovery 
period, however, mostly occurred during darkness. At 5°c the latter 
few hours of recording during the recovery period coincided with the time 
of day when the recording of the aerobic ventilation had been obtained 
some 24 h previously. There were very little changes in any of the 
ventilation parameters measured at either temperature, under aerobic 
conditions before deoxygenation, and during the latter stages of the 
recovery period, which suggests that there were no major diurnal changes 
in the ventilation of c. auratus within the experimental chambers. 
Strictly speaking, the results obtained refer only to the 
specific details of the experiment. These include the season of the 
year in which the experiments were conducted, the wet weights of the 
fish used, the time of day the deoxygenation and reoxygenation were 
begun, and the length of the anoxic periods (about 2 h at 1a0c, and 4 h 
at 5°C). Similarly, the rate of reduction of the oxygen concentration 
and subsequent increase during recovery were similar in all experiments, 
and no experiments have been conducted using other rates. The effect 
of the rate of reduction on the ventilation of fish during hypoxia has 
been previously discussed in Section 4.4.3. It is conceivable that 
slightly different results may have been obtained if any of these 
experimental details had been altered, such as producing the anoxia 
during the hours of darkness or using a shorter or longer anoxic period. 
Further work is required to establish the general applicability of the 
results obtained. 
One further experimental detail which may have affected the 
comparison between the aerobic and anaerobic ventilation concerns the 
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adequacy of the 24 h recovery and acclimation period allowed before 
beginning the recording. The decline in ventilation seen during hypoxia 
and anoxia, for example, and the failure of the ventilation to return 
to pre-anoxic levels in the recovery period, may be partially due to 
the fish's slow recovery from the attachment of the probes and its 
confinement in the experimental chambers. The work of Houston, 
Czerwinski and Woods (1973) with other species of fish suggests that 
this acclimation period was adequate. They reported that the 
ventilation of carp (CypPinus car-pio) and brook trout (saZveZinus 
fontinaZis) completely returned to normal 12 h, and 24 h respectively, 
after anaesthetisation and surgery. In addition, as I have already 
mentioned, there was no apparent change in the ventilation of c. aUPatus 
during the 2-4 h recording period prior to reducing the oxygen 
concentration. 
The relative ventilation of c. aUPatus, and presumably its 
associated costs, are considerably reduced during anoxia at both 1a0c 
and 5°C. This is shown firstly by the extensive periods of apnoea 
that occurred during anoxia. The ventilation stopped completely for 
about 50% of the time during anoxia at 5°C, and for about 25% of the 
time at 18°C. Apnoea occurred for 25% of the time at s0c under aerobic 
conditions, but the ventilation was continuous at 18°C. Presumably this 
increase in apnoea represents a proportionate decrease in ventilation 
activity and its associated costs. 
When the fish were ventilating their gills the mean velocity 
of flow recorded at the opercular slit declined during anoxia from about 
9 cm min-1 to 5 cm min-1 at s0c, and from 35 cm min-l to 5 cm min-l 
at 1a0c. It is perhaps significant that the flow velocities at both 
temperatures during anoxia were similar, although of course there was 
greater apnoea at s0c. This decrease in velocity represents a relative 
decline in mean velocity of about 40% at 5°C and about 85% at 1s0c. 
The ventilation frequency declined during anoxia from about 
14 strokes min-l to about 5 strokes min-l at 5°C, and from about 
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50 strokes min-l to 10 strokes min-l at 1a0c. This represents a relative 
decline in frequency of 64% at 5°c, and 80% at 1a0c. 
The relative decline in the net flow of water across the gills 
in response to anoxia, calculated from the relative changes in the 
ventilation volume and percentage of time for apnoea, is 60% at 5°c, 
and 90% at 1a0c. This represents a very substantial reduction in 
ventilation activity and its associated energy expenditure. The relative 
costs of ventilation are related not only to the ventilation volume, 
but also to the resistance to water flow into the mouth, out of the 
opercular slits and across the gill sieves. Nevertheless, it is 
unlikely that the reduction in the ventilation can be accounted for 
solely in terms of a change in resistance to flow, or to a change in the 
mode of ventilating the gills, and so the results presented show that 
c. auratus substantially reduces its ventilation during anoxia. In 
the Introduction it was stated that a reasonable estimate of the cost 
of ventilation to a resting fish was about 10% of its resting oxygen 
consumption. The reduction in ventilation activity therefore represents 
a reduction in energy expenditure in the vicinity of 5% at 5°C, and 
10% at 1a0c. 
Increasing or maintaining the ventilation during hypoxia, 
especially when it is supported by aerobic metabolism, represents a 
cost in terms of energy stores expended, or endproducts accumulated, 
which is transferred to the anoxic period and so may indirectly contribute 
to the anaerobic resistance of c. auratus. 
The initial changes in the ventilation of c. auratus in response 
to a decline in oxygen consumption at 5°C generally resembles that 
observed in other species of fish at a variety of temperatures. When the 
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oxygen concentration in their environment falls, most fish initially 
increase the ventilation volume by either increasing the ventilation 
stroke volume or frequency or both (Hughes and Umezawa, 1968; Gerald 
and Cech, 1970; Randall, 1971; Cech and Wohlschlag, 1973; Marvin 
and Burton, 1973). During hypoxia at 5°c c. auratus increases its 
ventilation up to 3 times, and its ventilation frequency 1.5 times. 
The increase in the ventilation volume is comparable with a 3.6 fold 
increase at 3.5 mg o2 1-l for Mugil cephalus at 20°c (Cech and 
Wohlschlag, 1973), a 7 fold increase at 4.5 mg o2 1-l for s. gaiPdnePi 
at 12°c (Davis and Cameron, 1971) and a 4.4 fold increase at 
-1 0 1.0 mg o2 1 for Ictalurus punctatus at 23-24 C (Gerald and Cech, 1970). 
At 18°C none of the ventilation parameters were increased 
during hypoxia; however, they were all initially maintained at the 
aerobic levels until the oxygen concentration had fallen to quite low 
levels. It is perhaps significant that the maximum mean velocity of flow 
recorded during hypoxia at 5°c was very similar to that recorded under 
aerobic and hypoxic conditions at 1a0 c. A similar temperature difference 
in the ventilatory response of fish to anoxia has been reported by 
Spitzer, Marvin and Heath (1969) for the bluegill sunfish Lepomis 
macPochiPUs. At 30°C these fish maintained their ventilation rate and 
amplitude at aerobic levels during the initial fall in oxygen 
concentration. At 25°C the ventilation rate increased while the 
amplitude remained constant, and at 13°C both the rate and amplitude 
increased. Spitzer, Marvin and Heath (1969) attributed this temperature 
difference to the higher ventilation, and general metabolic rate, of 
fish at higher temperatures and the consequent reduced scope for 
increasing their ventilation. The initial ventilation response of 
c. auratus to hypoxia, therefore, resembles that seen in other species 
of fish. It is not possible to estimate the costs associated with the 
maintenance of ventilation without knowing the oxygen consumption of 
the fish during the transition and the extent of ventilation which is 
supported by anaerobic metabolism. 
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At lower oxygen concentrations there was a rapid decline in 
both the ventilation frequency and volume, and a sudden increase in the 
periods of apnoea at both 18°c and 5°c. This decline in ventilation 
did not begin until the oxygen concentration fell below 0.5 mg o2 1-l 
(6% of the original oxygen concentration) at 5°c, and 2.5 mg o2 1-l 
(28% of the original oxygen concentration) at 18°c. The subsequent 
decline in ventilation coincided with the fall in the oxygen 
concentration to anoxia. A sudden decline in ventilation is seen in a 
wide variety of other species of fish, although it generally begins at 
higher oxygen concentrations. Marvin and Heath (1968) reported that 
there was a sudden decline in the ventilation rate and amplitude of 
S. gairdneri at 50% of saturation (at 12°c) and Lepomis macrochirus 
at 40% of saturation (at 25°C). The ventilation rate of Ictalurus 
punctatus at 25°C declined gradually after the oxygen concentration 
had fallen below 70% of saturation. The ventilation of these three 
species of fish virtually stopped completely when the oxygen 
concentration fell to 25%, 15% and 10% of saturation respectively 
(Marvin and Heath, 1968). Gerald and Cech (1970) found, however, that 
the ventilation rate of I. punctatus at 23°C did not begin to decline 
until the oxygen concentration fell to 2.1 mg o2 1-l (about 30% of 
saturation) and the ventilation volume did not fall until it reached 
1.4 mg o2 1-l (about 20% of saturation). 
The low critical oxygen tension of c. auratus suggests that 
a considerable portion of the energy requirements for ventilation at 
low oxygen concentrations are being met either by anaerobic metabolism, 
or by decreasing the oxygen consumption of other functions (Gerald 
and Cech, 1970). 
The decline in the ventilation volume and frequency at low 
oxygen concentrations is usually described using such terms as 
11 respiratory collapse 11 (Watters and Smith, 1973), or 11 respiratory 
failure" (Marvin and Burton, 1968) and is generally attributed to 
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the direct effect of the reduction in the oxygen supply on the 
branchial muscles or nerves. This implies that either the branchial 
muscles or nerves do not have the capacity to function completely 
anaerobically, or, if they do, that their capacity is very restricted 
and limited in time by the availability of anaerobic energy substrates. 
or by the accumulation of endproducts. Watters and Smith (1973) 
suggested that the reduction in ventilation reflects an inability to 
sustain ventilatory activity rather than an effort to adapt to lower 
oxygen. In contrast to this, Marvin and Burton (1973) have suggested 
that the reduction in ventilation of trout, bluegill and catfish is 
a reflex response to low oxygen concentrations. This claim was made 
primarily because of the rapidity with which the ventilation returns 
following a period of hypoxia: 
11 The immediate recovery of ventilation also suggests 
that respiratory collapse during hypoxia is due, at 
least initially, to a reflex of ventilation rather than 
a direct effect of hypoxia on the respiratory muscles 
and/or nervous system. If hypoxia were causing the 
inhibition of breathing by a direct effect on the 
tissues, a longer delay would be evident between the 
time when oxygen was given to the fish and the 
resumption of ventilation occurred". 
A reflex reduction in the ventilation, linked to the oxygen concentration 
in the medium, may be adaptive in the sense that it may reduce the 
needless metabolic expenditure for ventilation when the oxygen 
concentration is very low and most of the energy would have to be derived 
from anaerobic metabolism. 
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It is, however, conceivable that the inability of fish to 
sustain their ventilation in response to anoxia may be similarly 
adaptive. I mentioned in Chapter 1 that there is evidence to suggest 
that the metabolic reduction seen in turtles, for example, arises as a 
consequence of cardiovascular changes, and the reduced supply from 
anaerobic pathways, which leads to a reduced energy availability in 
the tissues (adenylate energy charge). It is possible that the 
reduction in ventilation activity may be due to similar mechanisms. 
If there were no appreciable accumulation of endproducts or any other 
effects likely to affect the machinery for energy production, the 
reduction in ventilation may be readily and rapidly reversible. 
It is interesting to note at this point that Kutty (1968b) 
has suggested that the failure of c. auratus to swim at a given speed 
below a critical oxygen concentration is probably not due to fatigue, 
but to a reflex inhibition of swimming by some form of oxygen sensing 
mechanism. He cites as evidence for this, the immediate return of 
swimming when the oxygen concentrations are again increased following 
such a failure. As yet there has been no direct evidence for an 
oxygen sensing mechanism in fish (Kutty, 1968b}. It is possible that 
this failure in swimming is also a result of a decrease in the energy 
availability in the muscles. Further work is required to establish 
the mechanisms involved. However, in Chapter 9 of this thesis it will 
be shown that the adenylate energy charge of both red and white muscle 
tissues is substantially reduced during anoxia. 
The results obtained for the ventilation of c. auratus during 
anoxia and recovery do not support the contention that the respiratory 
failure is due to exhaustion or fatigue. Once the ventilation frequency 
and volume began to decline, their further decline coincided with the 
reduction in the oxygen concentration. The various parameters reached 
minimal values very soon after the onset of anoxia. There was, 
therefore, no overshoot in the ventilatory activity. 
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The ventilation frequency and volume of c. auratus is continued 
at reduced levels throughout the anoxic period at both 1s0c and s0c. 
Indeed the ventilation volume and frequency at the beginning of the 
anoxic period were very similar to those recorded after 2 h anoxia 
at 18°C, and 4 h anoxia at s0c. The majority of this respiration must 
have been supported anaerobically. If the decline in the ventilation 
had arisen through fatigue or as a consequence of increased anaerobic 
metabolism during hypoxia, one would have expected a continuation of 
the decline in ventilation throughout anoxia. Admittedly there was 
extensive apnoea during anoxia. However, at both 1s0c and s0c the 
percentage of time apnoea occurred appeared to decline throughout the 
anoxic period, so that, if anything, the ventilation activity actually 
increased during anoxia. Extensive apnoea also occurs in catfish in 
response to hypoxia (Marvin and Burton, 1968). It is not necessarily 
indicative of respiratory failure or a lack of coordination because it 
occurred under aerobic conditions at s0c. 
It may well be that the maintenance of the ventilation during 
anoxia contributed to the resistance of c. auratus. The continued 
ventilation may be important for the excretion of anaerobic endproducts 
such as lactate or carbon dioxide, or for the pH regulation of the fish. 
Both of these activities would presumably be facilitated by the 
continuation of the gill ventilation. It would also allow the fish to 
make a rapid response to any increase in the oxygen concentration 
within its environment (assuming of course that the reaction of the fish 
to the increase in oxygen depends upon the fish consuming oxygen taken 
up through the gills, or that the oxygen receptors are located in a 
position where their reception was influenced by the ventilation). 
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The most notable features of the recovery of the ventilation 
was the rapidity of the initial response and the level of ventilation 
reached during hypoxia immediately following the anoxic period. Marvin 
and Burton (1973) remarked upon the almost immediate reaction of trout, 
bluegill and catfish to an increase in oxygen concentration following 
a period of hypoxia. Their ventilation had recovered completely 
within 20 to 30 min, and the first signs of recovery occurred within 
seconds. These results were obtained with similar rates of oxygen 
concentration as I have used, though, of course, c. auPatus was 
recovering from several hours anoxia rather than an hour of hypoxia. 
The rapidity of the recovery is inconsistent with the hypothesis that 
the failure of the ventilation during hypoxia is due to exhaustion or 
fatigue. It may well be that anaerobic metabolism contributes 
substantially to the initial ventilation at the very low oxygen 
concentrations during recovery. 
Even after several hours of aerobic recovery the ventilation 
of c. auPatus remained slightly different from that recorded 
aerobically. At s0c there was no apnoea, and the ventilation volume 
was slightly higher, and the frequency somewhat lower, than had been 
recorded prior to the reduction in the oxygen concentration. At is0c 
the ventilation volume remained somewhat lower, and the frequency 
slightly higher. These differences probably reflect the general 
recovery of the whole fish rather than the failure of the recovery 
of the ventilation itself. It is not necessarily indicative of either 
an elevation or a reduction in the oxygen consumption because of the 
possibility that the percentage utilisation is different from that 
under aerobic conditions. 
Ballintijn (1972) predicted that the number of normal strokes 
to each respiratory cough would be greater under favourable than under 
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unfavourable conditions. Assuming that the 'cough' of c. aUY'atus had 
been identified correctly, the results obtained before and after anoxia 
gave conflicting results. The respiratory stroke to 'cough' ratio 
rose with the fall in oxygen concentration to anoxia. Unfortunately, 
the ratio could not be assessed during anoxia itself. However, very 
soon after oxygen had been reintroduced into the chamber in the recovery 
period, the stroke to 'cough' ratio was lower than that recorded under 
aerobic conditions. The ratio gradually returned to the aerobic level 
during the recovery period. 
7.4 The Direct Assessment of the Changes in the Metabolic Rate 
of C. auratus 
7.4.1 Introduction 
The relative changes in the metabolic rate of an animal in 
response to anoxia can be assessed directly by determining its metabolic 
heat production. It should be recalled, however, that heat is produced 
during metabolism as a by-product of energy transformation (see 2.6). 
An animal's heat production is related to its metabolic rate (as the 
rate of turnover of ATP equivalents) through the net efficiency of all 
the reactions which contribute to ATP production and utilisation. 
The metabolic rates of diving animals such as amphibians (Leivstad, 1960; 
Jones, 1972), reptiles (Jackson and Schmidt-Nielson, 1966; Jackson, 
1968) and mammals (Andersen, 1966) have been determined by measuring 
their heat production. I have used a similar approach to assess the 
relative changes in the metabolic rate of C. auratus before, during 
and after anoxia. 
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7.4.2 Procedures 
My preliminary experiments showed that the apparatus at 
my disposal was inadequate for determining the heat production of 
c. auratus by direct calorimetry. The experimental procedures I 
adopted for maintaining the fish under aerobic and anaerobic conditions 
throughout this work, ~equired that the fish be held within a 3.5 
litre chamber with a continuous flow of water of 3 l h-1. The large 
volumes of water involved and its high specific heat meant that the 
temperature differences generated in a calorimeter would be very 
small indeed. I therefore determined the metabolic heat production 
of c. au.ratus by measuring the internal steady-state temperature of 
the fish. 
The excess internal temperature of animals depends on their 
rate of heat production, and a term usually referred to as "thermal 
conductance" or 11 conductiviti1 , which has a constant value under a 
given set of conditions. It specifies the rate of heat loss per degree 
centigrade difference in temperature. It can be estimated by suddenly 
changing the ambient temperature and monitoring the rate of change of 
the animal 1 s internal temperature. A linear relationship is usually 
found between the logarithm of the temperature difference and time. 
The "conductivity" is determined as the regression coefficient of this 
relationship, divided by the heat capacity of the animal. There is a 
general similarity between this relationship, and the so-called 
11 Newton 1 s Law of Cooling" (Strunk, 1971). The latter expression is 
based upon Newton's "observations on the time temperature relationship. 
for cooling of a solid, red hot, uninsulated block of iron" (Strunk, 
1971). It can be expressed as: 
de 
= Ae (Strunk, 1971) 
dt 
where e is the temperature difference between the 
iron and the surrounding air 
A is a constant of proportionality. 
Heat exchange and thermoregulation in animals is usually described in 
terms of 11 Newton 1 s Law of Cooling". Some criticism has been made of 
the indiscriminate and unconsidered use of 11 Newton 1 s Law of Cooling" 
to describe all modes of heat exchange in animals (Strunk, 1971). 
Newton 1 s work, strictly speaking, covers only heat transfer by 
convection and radiation (Strunk, 1971; Bakken and Gates, 1974). 
Yet the conduction of heat from the core of an animal to its surface 
is an important parameter in an animal 1 s heat exchange, and Newton's 
Law is often said to include conduction of heat within the animal 
(Bakken and Gates, 1974). 
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11 Newton 1 s law of cooling then is a linear relationship 
between the flux of heat energy across the boundary of 
an object and the difference in 1 bulk 1 temperatures 
between the object and its surroundings. In applying 
Newton 1 s law as the sole (author 1 s emphasis) description 
of heat loss one must assume (i) that such bulk 
temperatures do exist, that they are uniform and 
represent closely the real temperature throughout the 
surroundings. Uniformity of these temperatures 
further require (ii) that the conductivity of the object 
be extremely large relative to the surroundings. 
Furthermore, (iii) there can be no heat sources or sinks 
within the object, thus (iv) only transient systems may 
be considered and (v) the heat capacity must be constant" 
(Strunk, 1971). 
These restrictions clearly invalidate the description of the 
heat loss and thermoregulation of animals solely in terms of Newton 1 s 
law of cooling. Strunk (1971) illustrated the correct use of Newton 1 s 
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the rate of blood flow through the capillaries and their surface area 
and thickness. When other models are used, it includes terms which 
relate to such things as the conduction of heat through the body wall 
of an animal across an insulating layer. Each of these terms has a 
constant value under a specific set of conditions. It is immediately 
apparent that this equation has a very similar form to "Newton's Law 
of Cooling". 
Under steady-state conditions, that is, when the animal is 
subject to a constant ambient temperature, the excess internal 
temperature is maintained by the animal's metabolism, and the 
relevant heat transfer equation is: 
a = 
where a is the animal's heat production. 
7.2 
This equation bas a similar form to the empirical expression often used 
to estimate an animal's heat production. Therefore, the contribution 
of Strunk (1971) and Bakken and Gates (1974) is primarily in the correct 
use of terminology and a recognition of the different modes of heat 
transfer involved. I have followed Bakken and Gates (1974) in their 
recommended ~se of terminology: 
" ... the biological literature should follow the lead 
of a number of recent authors of heat transfer texts 
(listed by Bakken and Gates) and omit the term 'Newton's 
law'. The use of linearized heat transfer relations is 
generally designated by stating that an overall heat 
transfer coefficient or electrical analog representation 
of heat flow was used .... Following one of these 
accepted engineering useages in the biological literature 
would eliminate confusion and much needless debate in 
the literature, and clearly indicate that the linearized 
convection and radiation relations called 'Newton's law' 
are not laws, but rather convenient approximations 
valid under a limited range of conditions" (Bakken and 
Gates, 1974). 
I have, therefore, referred to the term (B) as the heat transfer 
coefficient. The procedure I adopted was to measure the excess 
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internal temperature of the fish before, during and after a period of 
anoxia. The changes in the temperature differential were interpreted as 
changes in metabolic heat production on the basis of several estimates 
of the term (B) c made under the same conditions with the same fish. 
The temperature of the water within the chamber was suddenly raised 
and the internal temperature of the fish was monitored as it approached 
the new temperature. Insufficient measurements were made to enable 
an assessment of the absolute metabolic heat production; however, they 
were sufficient for assessing the relative changes in heat production. 
7.4.2.1 Experimental Apparatus 
The apparatus (apparatus B) was designed to maintain precisely 
a constant water temperature in the chamber when measuring the heat 
production of c. auratus. It was essential, not only to adjust the 
temperature of the aerated or deoxygenated water flowing into the 
apparatus to that of the experiment, but also to eliminate the cyclical 
temperature fluctuations inherent in the temperature control system. 
Apparatus B consisted of a 3.5 1 cylindrical glass chamber contained 
within an 80 1 water bath. The water bath was fitted with a 
refrigeration unit which was run continuously. It was also fitted 
with an immersion heater which was regulated by a mercury relay and a 
mercury contact thermometer. The large volume of the chamber and the 
extensive system of heat exchange coils ensured that the temperature 
of the water within the chamber remained constant. Three interchangeable 
pathways for supplying water to the chamber could be used (Figure 58). 
A series of 11 3-way 11 taps allowed the supply to be changed readily. 
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Figure 58 
The three independent water supplies to the fish chamber 
in apparatus B. The supplies could be interchanged by turning a 
series of taps. 
A. The flow pathway used when determining the oxygen 
consumption and excess internal temperature of the fish. The 
oxygenated or deoxygenated water entered the water bath through two 
heat exchangers connected in series. Each of these consisted of a 
jacketed, coil condenser (Quickfit CX6/22). The water flow to the 
chamber was directed through the coil and jacket, and water from the 
bath was pumped through the body of the condensers. After 
temperature equilibration, the water passed into the 3.5 1 chamber 
containing the fish. The outflow from the chamber passed through 
another series of two heat exchangers to an oxygen electrode 
(QMIOT). The electrode was mounted in a small glass vessel whose 
contents were stirred at a constant rate with a magnetic stirrer. 
B. The flow pathway used when calibrating the oxygen 
electrode, This was achieved by reversing the direction of water 
flow outlined in A, so that the water flowed past the oxygen 
electrode before it entered the chamber. This allowed the oxygen 
electrode to be calibrated with minimal effect on the flow of 
water into the chamber containing the fish. 
C. A completely independent pathway used when estimating the 
heat transfer coefficient of c. azaiatus. This pathway bypassed the 
oxygen electrode and the temperature equilibration coils. The water 
first passed into a small vessel (250 ml) which was fitted with a 
glass immersion heater and a thermometer. The temperature of the 
inflowing water was adjusted by varying the water flow and the 
voltage across the heating coil. 
All components of the apparatus were constructed from 
glass or nylon, materials which have a very low permeability to 
oxygen. 
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An oxygen electrode was used to monitor continuously the oxygen 
concentrations within the chamber. Frequent calibrations of the 
electrode to saturated water were conducted by reversing the direction 
of water flow, so that it passed first to the electrode, and then to 
the chamber containing the fish (Figure 58). A completely independent 
flow pathway was used when determining the heat transfer coefficient 
(Figure 58). This was measured by suddenly increasing the temperature 
of the water in the chamber 1°c above the bath temperature and 
maintaining the differential temperature while measuring the rate of 
change in the internal temperature of the fish. The water first passed 
into a 250 ml vessel which was fitted with an immersion heater and a 
thermometer. The outflow from this chamber was connected to a 2 metre 
length of nylon pressure tubing (internal diameter 5 mm) coiled around 
the inside of the chamber containing the fish, to form a closed loop. 
A large number of minute holes had been drilled through the wall of 
this tube. A rapid flow of hot water through the tube generated fine 
'jets• of water which rapidly distributed and mixed with the water in 
the chamber. This produced a very rapid (less than 1 minute) 
temperature change. 
7.4.2.2 Temperature Measurement 
a). The Two-Thermistor Bridge Circuit 
The excess internal temperature of c. auratus was measured 
using the circuit described in Figure 59. A similar circuit was used 
to monitor the difference in temperature between the water in the 
chamber and that in the bath.· The arrangement of thermistors used to 
make these measurements is shown in Figure 60. 
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Figure 59 
The two-thermistor bridge circuit used to determine 
differential temperature. The potential generated across the 
bridge is directly proportional to the difference in temperature 
between the matched pair of thermistors. The thermistors used 
were Y.S.I. 11 precision thermistors 11 (Part No 44006). They have 
a zero power resistance of 10 k ohm at 25°c, a dissociation 
constant of 1 mW / 0 c in still air, a time constant of 1 s in 
still air, and a resistance tolerance of better than ± 1% over 
the range of temperatures used in this study (information 
supplied by the manufacturer). The power dissipated in the 
thermistor was very small, because of the low voltage power 
supply (a single 1.35 V mercury battery, Mallory Duracell, 
RM42R). The two potentiometers (carbon-film, single-turn, 
linear, ~watt Bourne) were included to allow the bridge 
to be balanced when the thermistors were at the same 
temperature. The 100 ohm potentiometer provided a fine control 
of the balance of the bridge and the 1 k ohm potentiometer a 
coarse control. The resistors were all Erie,~ watt carbon-film 
resistors with a stated tolerance of ± 10%. The potential 
difference generated across the bridge was measured with a 
Rikadenki Chart recorder (Model 8341, 1 mV) which has an input 
resistance of 10 k ohm. Its range was set at 0-1 mV when 
recording the excess internal temperature of the fish, 0-100 mV 
when calibrating each pair of thermistors to known temperature 
differences, and 0-20 mV when determining the heat transfer 
coefficient. The thermistor leads were shielded except when they 
were within the chamber containing the fish. The circuit was 
contained within a metal box. The shielding and box were connected 
to 1 earth 1 through the recorder. 
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Figure 60 
The arrangement of the two pairs of thermistors within 
apparatus B for determining the excess internal temperature of the 
fish and the temperature difference between the water in the bath 
and in the chamber. The voltage across the two bridge circuits was 
recorded simultaneously with a two channel chart recorder 
(Rikadenki, Model B341, 1 mV). 
Bridge Circuit A was used to determine the difference in 
temperature between the core of the fish and the water within the 
chamber. One thermistor was inserted about 3 cm into the 
alimentary canal of a fish through the anus. This particular 
thermistor probe had very fine (0.5 nun) and light leads, of 
sufficient length to allow the fish to move freely within the 
chamber. The other thermistor probe was rigidly mounted in the 
rubber bung which sealed the chamber so that the thermistor bead 
protruded about 3 cm into the chamber. 
Bridge Circuit B was used to determine the temperature 
difference between the water in the bath and chamber. This 
information was required when determining the heat transfer 
coefficient of c. ala'atus under different conditions. One of the 
pair of thermistors WqS mounted in the rubber bung which sealed the 
chamber, right next to the thermistor connected to circuit A. The 
other thermistor was mounted in a rubber bung fitted to a 50 ml 
glass vial. The vial was filled with water and was sealed with the 
bung. This arrangement effectively "filtered out" the temperature 
fluctuations in the bath produced by the lag in the temperature 
control system. 
A B 
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b). The Thermistor Probes 
The thermistor probes were constructed in a way which 
minimised the associated increase in the thermal insulation of the 
thermistor bead. Fine leads (insulated with P.V.C. and 0.5 mm in 
diameter) were soldered to the thermistor leads. The thermistor bead 
and some of its leads were then coated with epoxy resin, and inserted 
through a 4 cm length of 'heat-shrink' tubing. While the resin was 
still in a fluid state, heat was applied to shrink the tubing, so that 
only the bead itself protruded from one end. The external diameter 
of the thermistor probe was about 1.5 mm. 
The excess ·internal temperature of c. auratus was determined 
by inserting a thermistor probe into the alimentary canal of the fish 
through the anus. The internal temperature of the fish was determined 
in this way to minimise the effects of the attachment of the probes on 
the fish's metabolism and its response to anoxia. Other methods of 
attachment, such as the insertion of probes through the body wall of 
the fish or into the muscles, would presumably have had greater effects 
on the fish, especially as a continuous measurement was required. 
The fish survived the insertion of the probes and the anoxia quite well, 
and were apparently unaffected when the probes were removed at the end 
of the experiment. The probe was always inserted so that the thermistor 
bead was some 3 cm from the anus. The probe was firmly held in this 
position by several loops of thread sewn through the base of the anal 
fin. The adoption of this standard procedure reduced the variation 
between the temperature measurements from different fish, but it 
restricted the scope of the measurement of the excess temperature. 
No measurements of the excess internal temperature of the fish at other 
positions were made so that it is not known whether the temperatures 
measured were truly representative of the 'core' temperature of the fish. 
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Presumably, however, the relative changes in the temperature recorded 
at this position reflect the relative changes in the metabolic heat 
production of the fish as a whole. The fish were allowed between 
24 and 36 h to recover from the effects of the attachment of the 
probes before the oxygen concentration within the chamber was reduced. 
c). Calibration 
A separate calibration was performed for each pair of 
thermistors used at each experimental temperature (5°C and 18°). 
Several calibrations were made for each pair of thermistors throughout 
its period of use. There was very little change in the calibration 
with time and no apparent 'aging• of the thermistors. The calibrations 
were performed by first placing the pair of thermistors in a 
well-regulated, constant temperature water bath at either 5.o0c or 18.o0c. 
The bridge was then balanced and the recorder set at an appropriate 
position. One thermistor (the one which was later to be used to 
monitor the higher temperature) was then transferred to a well-insulated 
water bath whose temperature was varied by adding small aliquots of 
hot water. The range of differential temperatures used was between 
0 and 7°C. The temperatures of the baths were measured with a 
calibrated, reference thermometer accurate to± o.1°c (Jumo). A reading 
of the bridge voltage (0-100 mV) was taken directly from the chart 
recording after each change in temperature. When the temperature 
differential had risen to about 7°C, the two probes were returned to 
the constant temperature water bath and the balance of the bridge was 
checked before the procedure was repeated. Sample calibrations of a 
pair of thermistors at s0c and 18°C are shown in Figures 61 and 62 
respectively. 
There was always a very high correlation (r>0.99) between the 
bridge potential and the temperature difference. The regression 

Figure 61 
The calibration of a pair of thermistors used to determine the excess internal temperature 
of c. auratus at s0c. The two thermistors were initially placed in a temperature controlled water 
bath at 5.o0c. The thermistor which was to be inserted into the fish was transferred to another 
insulated water bath, the temperature of which was increased in a series of small steps to a 
maximum temperature difference of 7°C. The bridge potential was read directly from the recording. 
The temperature of the baths was measured with a calibrated reference thermometer (Jumo). The 
results presented were obtained from a number of replicates of the procedure outlined, over the 
same range of temperature differences. All the results were pooled. The regression equation was 
used to estimate the excess internal temperature of c. auratus from the response (mV) recorded with 
this particular pair of thermistors. 
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Figure 62 
The calibration of a pair of thermistors used to determine the excess internal temperature 
of c. av.:ratus at 18°C. The bridge circuit was balanced with both probes in a constant temperature 
water bath maintained at 18.o0c. The legend otherwise is similar to that for Figure 61. 
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coefficient for each pair of thermistors was used to calculate the 
temperature differentials. The probes were calibrated to much larger 
temperature differences (0-7°C) than were recorded in the fish 
(0.004-0.0S0°C). This considerably reduced the accuracy of the 
calibrations. I have presented the results as absolute temperature 
differences, but I have discussed the changes in temperature difference 
during anoxia in relative terms. 
7.4.2.3 Experimental Procedures 
The metabolic heat production of c. auratus was measured during 
January-February at s0c and during June-August at 1a0c. The measurements 
were made with larger c. auratus than had been used in earlier 
experiments because of the large size of the thermistor probes. 
A flow rate of 3 l h-l was used throughout, except for a brief period 
while estimating the heat transfer coefficient. I did not use more 
rapid flows for the deoxygenation because I was interested in the changes 
in the metabolic rate which occurred during the transition to anoxia. 
The chamber was assembled without a fish, and aerated water 
was passed through it for several hours. The thermistor bridge, used 
to monitor the excess internal temperature of the fish, was then balanced 
and the recorder was set at an appropriate position. The oxygen 
electrode was also calibrated to the air-saturated water. The chamber 
was then reopened and the thermistor probe was inserted through the 
anus of a fish of known wet weight. The chamber was then resealed 
and a continuous recording of the excess internal temperature of the 
fish and the oxygen concentration of the outflowing water was begun. 
The flow of aerated water was continued for 24 h at 1a0c and for 34 h 
at s0c. This was done to allow the fish time to recover from the 
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effects of the attachment of the probe and to acclimate to its 
confinement within the chamber. Deoxygenated water was then introduced 
at a flow of 3 1 h- 1. The recording was continued during 7 h anoxia 
at 1a0c and 16 h at s0c. Aerated water was then reintroduced at a 
similar rate (3 1 h- 1) and continued for 16 h at 1a0c and for 28 h 
at s0c, of aerobic recovery. The chamber was opened, the thermistor 
probe was removed from the fish, and the chamber was resealed and the 
recording continued. Some variation in the bridge output at zero 
temperature difference was sometimes found, due to a very gradual 
drift during the long period of continuous recording. The balance 
position was assumed to be midway between the position of the recording 
obtained before insertion, and after removal, of the probe from the fish. 
There was some variation in the exact times of deoxygenation 
and reoxygenation in individual experiments. The results from the 14 
individual fish used at 1a0c and the 13 fish used at s0c were combined 
after first synchronising them at the times when the deoxygenation and 
reoxygenation were begun. A reading was obtained from each fish every 
15 or 7.5 minutes. The results obtained from all the fish during 
successive one-half, or one hour periods, before, during and after 
anoxia were pooled and the mean and standard error calculated (Figures 
65 to 74). The results obtained within a particular 4 hour period 
(shaded area in the relevant Figure) before, during and after anoxia 
at both temperatures, were pooled and the mean values calculated and 
used for statistical analysis (Table 13). 
7.4.2.4 Determination of the Heat Transfer Coefficient 
The heat transfer coefficient of c. auratus before, during and 
after anoxia was assessed by temporarily interrupting the recording of 
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the fish 1 s excess internal temperature. The temperature of the water 
in the chamber was suddenly increased and the rate of change of the 
fish 1 s internal temperature determined. The heat transfer coefficient 
was therefore estimated for a heat gain rather than a heat loss, but 
presumably there is very little difference between them when the changes 
in temperature are small. 
The experimental procedure is outlined below. While the 
regular flow of water to the chamber was maintained, the small vessel 
fitted with an immersion heater (Figure 58) was flushed with either 
aerated or deoxygenated water. The immersion heater was then switched 
on and the water was heated to about 10°c above the temperature of the 
water in the bath and chamber. The normal flow of water to the chamber 
was then switched off, and the heated water was directed through the 
chamber at a flow of 8 1 h-l until the temperature of the water in the 
chamber had risen by 1°c. The flow was then reduced to 3 l h-1, and 
the differential temperature was maintained at 1°c by varying the 
voltage applied across the immersion heater. 
A small rather than a large change in temperature was used to 
minimise the disturbance of the fish. The sudden change in the rate 
of water flow through the chamber may have stimulated the ventilation 
of the fish. This may have affected the transfer of heat, because most 
of the heat lost or gained from the fish occurs across the gills. 
However, this change in flow was unavoidable because of the need to 
produce a very rapid change in temperature. The rapid water flow was 
only continued for about 1 min. The temperature difference between the 
water in the bath and that in the chamber, and between the fish and the 
water in the chamber, was monitored continuously throughout this period. 
As a result of the temperature change in the chamber, the internal 
temperature of the fish was initially about 1°c below that of the water. 
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The temperature differential was gradually reduced as the fish gained 
heat from its surroundings. Estimates of the temperature differential, 
at one minute intervals, were taken from the recording, and the 
logarithm of the temperature difference was plotted against the time 
after the flow of hot water was begun. In the procedure outlined, 
the excess internal temperature of the fish under steady-state conditions 
(e00 in equation 7.2) was ignored because it was small (0.004-0.050°C) 
in relation to the i 0c change in temperature employed. Sample plots 
of results obtained with a single fish before, during and after anoxia 
are presented in Figures 63 and 64. 
A linear relationship was found between the logarithm of the 
temperature difference and time, under a variety of conditions at ia0c 
and s0c. This verified the assumption that the heat transfer from 
c. auratus could be described by an equation of a similar form to 
equation 7.2. A consistently high correlation was found between these 
parameters (r>0,94). The regression coefficients calculated from 
each of these sets of results gives an estimate of the term (B) c. 
I have not determined the heat capacity of c. auratus (C), so that the 
absolute heat transfer coefficient cannot be assessed. However, 
assuming that the heat capacity of individual fish under aerobic and 
anaerobic conditions is very similar, the relative changes in the 
regression coefficient reflect similar changes in the heat transfer 
coefficient. The regression coefficients obtained from the results 
with individual fish were pooled, and the mean regression coefficient 
and its standard error calculated for the results collected before, 
during and after anoxia. The results are presented in Table 13. 

Figure 63 
The determination of the heat transfer coefficient of c. auratus under various conditions 
at 18°C. 
The results presented were obtained from a single (125 g) fish before, during and after 
anoxia. At each time, the temperature of the water in the chamber containing the fish was suddenly 
raised by about 1°c. The fish gained heat from its surroundings until its temperature was similarly 
increased by about 1°c. A small differential temperature was used to reduce the effects of the 
temperature change on the fish. A larger temperature differential may have stimulated the fish to 
increase its ventilation, and this in turn would have affected the estimate of the heat transfer 
coefficient. The logarithm of the difference in temperature (°C) between the thermistor probe in 
the fish and that in the water bath was plotted against time (min) after the hot water was first 
introduced.' 
Under all conditions a linear relationship was found. However, the regression coefficients 
varied, being smaller (slower rate of change of the temperature differential) under anaerobic 
conditions, than under aerobic conditions before or after the anoxic period. The regression 
coefficients give an estimate of the term (~~ The heat capacity (C) was assumed to be constant 
so that the relative change in the regression coefficients reflect a similar relative change in 
the heat transfer coefficients (B). 
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Figure 64 
The determination of the heat transfer coefficient of c. au:r>atus under a variety of 
conditions at s0c. 
The results presented were obtained from a single fish (154 g) before, during and after 
anoxia. The legend is otherwise similar to that for Figure 63. 
N 
-.....i 
...... 
0 
0.2 
0 
-0.2 
-u 
L 
-0.4 O> 
...2 
... 
GI 
-0.6 u c: 
GI 
.... 
~ 
-0.8 
-:.0 
GI 
-1.0 .... :::> 
-0 
.... 
G) 
-1.2 a. E 
GI 
..... 
-1.4 
-1.6 
-1.B 
-2.0 
5°C 
Time, mm 
5 10 
....... ~·· 
•• 
• ... ... . 
'• . ...... ..... 
15 
~. . ...... . . .... ~ • • • 
... , 
... • . . '-...._• 
20 
- . ""'".... 
• ... . ............ ...... ..... 
• 
... 
..... 
...... 
... 
..... 
. ... 
............ 
25 
...... .... 
... ..... 
..... 
... 
... 
.... 
..... 
........ 
• 
... 
Aerobic recovery ""' • ~- . 
Aerobic 
Y=-0.123X + 0.111 
(r=-0.973 ; N=21) 
Y=-0.057X - 0.049 -.....;;;...., 
• (r- 0 9 '\_• -- . 92 ; N=3J.J 
... 
30 
Anaerobic 
Y=-0.055X + 0.278 
(r=-0.994 ; N=33) 
272 
7.4.3 Results 
The excess internal temperature of c. au:ratus, maintained by 
its metabolism, was measured continuously before, during and after 
anoxia at both is0c and s0c. The results are presented in Figures 6S 
to 74. A detailed description of the experimental details and the 
results is given in the legends to the appropriate Figures. A summary 
of the changes in the excess internal temperature at both temperatures 
is presented in Table 13. 
There was very little change in the mean excess temperature 
of c. au:ratus during the 24 h and 28 h recording periods before anoxia 
at 1a0c and s0c respectively. Just before the deoxygenation was begun 
(A in Table 13) the mean excess temperature at 1a0c was about 0.03o0c 
and at s0c was 0.018°C (Table 13). At both ambient temperatures the 
mean excess internal temperature of the fish declined continuously with 
the reduction in oxygen concentration. The rate of decline was 
initially slow, but became more rapid as the oxygen fell below 10% of 
saturation. The excess internal temperature fell to minimal values soon 
after the onset of anoxia, and remained steady throughout the recording 
period during anoxia. The data in B (Table 13) was obtained after 4-6 h 
anoxia at 1a0c, and 8-10 hat s0c. The mean excess internal temperatures 
at these times were 0.0087°C and 0.0072°C respectively. These t~mperatures 
represent a decline during anoxia of 70% at 18°C and 40% at s0c. 
The mean internal temperature of the fish rose rapidly when 
oxygen was reintroduced. At both temperatures it reached the aerobic 
level before the oxygen concentration had increased to SO% of saturation. 
These changes in the excess internal temperature of c. au:ratus 
can only be interpreted as a change in metabolic heat production if the 
heat transfer coefficient is known or can be estimated under the various 
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conditions. The relative changes in the heat transfer coefficient, can 
be assessed from the results presented in Table 14. The mean regression 
coefficient declined in response to anoxia by about 40% at 1a0 c and 50% 
at s0c (Table 14). The heat capacity of the fish has not been measured, 
but assuming that there are no changes in the heat capacity in response 
to anoxia, the heat transfer coefficients would have declined by a 
similar relative amount. These changes in heat transfer coefficient 
were in the opposite direction to that which would ,be required to 
explain the reduction of the excess internal temperature. Therefore, 
the metabolic heat production of c. auratus is reduced by a greater 
amount than that indicated by the reduction in the excess internal 
temperature. Using the relative changes presented, it can be estimated 
that c. auratus reduce their heat production by about 80% at 1a0c and 
70% at s0c. 

Figure 65 
The excess internal temperature of c. auratus under aerobic conditions at 18°C. 
The 14 fish used had a mean wet weight of 179 g. The horizontal bar in each case represents 
the mean, and the vertical bar± one standard error of the mean. The sample size was between 35 and 
50; the difference arising because each of the individual recordings was interrupted while the heat 
transfer coefficient was estimated. Individual readings were obtained at 15 minute intervals for 
each fish, so that each result presented includes up to 4 estimates for each fish within an hour 
period. The data within the shaded area A were used for statistical analysis (Table 13). 
Under aerobic conditions there was no apparent diurnal fluctuation in the internal 
temperature of the fish. However, the mean temperature difference declined continuously throughout 
the recording period. This probably reflects the fish 1 s recovery from the stress involved in the 
attachment of the probe and the acclimation of the fish to the confinement within the chamber, rather 
tharr any harmful effect of the probe itself. The decline does not necessarily mean that the 
metabolic rate of the fish is declining, because it could be produced by a decline in the heat transfer 
coefficient. 
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Figure 66 
The excess internal temperature of C. auratus during hypoxia at 18°C. 
The flow of deoxygenated water in individual experiments was begun between 2200 and 2430 
hours at 3 1 h-1. The oxygen concentration of the outflowing water was measured with an oxygen 
electrode and the results have been presented as a percentage of air saturation (8.3 mg 1-1). The 
reduction in oxygen to 0% of saturation took between 3 and 4 hours. The results collected from 
fish at similar oxygen concentrations were pooled and the results presented as the mean ± one 
standard error of the mean. The sample size was 20 for the temperature differences measured at 
oxygen concentrations between 80% and 10% of saturation, and 50 as the oxygen fell below 10% of 
saturation. 
The excess internal temperature of the fish declined continuously as the oxygen 
concentration fell. The decline was slow as the oxygen fell from 80% to 10% of saturation, and rapid 
at lower oxygen concentrations. 
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Figure 67 
The excess internal temperature of c. auratus during anoxia at 18°c. 
The time scale begins when the oxygen concentration fell to 0% of saturation. This occurred 
some 3 to 4 hours after the deoxygenation was begun in individual experiments. A maximum of 4 
determinations for a single fish is included in each one half hour period over which the results were 
collected. The sample size was between 35 and 48. 
The results show that the excess internal temperature of c. auratus remained at a steady, 
but reduced, level (less than 30% of the aerobic temperature difference) throughout the 6 hours of 
anoxia. The excess temperature reached its minimum value very soon after the oxygen concentration had 
fallen to 0% of saturation. The data in the shaded area B were used for statistical analysis (Table 13). 
The difference between the aerobic (A) and anaerobic (B) excess temperature was significant (Table 13). 
Anoxia was continued for between 8 and 10 hours before reintroducing aerated water. 
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Figure 68 
The excess internal temperature of c. au:ratus during hypoxic recovery at 18°C. 
-1 Aerated water was reintroduced at a flow of 3 1 h between 1100 and 1700 hours. 
The results obtained for individual fish at each oxygen concentration (at intervals of 5% 
of saturation) were pooled and the results were presented as mean ± one standard error. The sample 
size in each case was 35 to 45. The rise in oxygen concentration from 0% to 50% took between 2 and 
3 hours in individual experiments. 
The excess internal temperature rose continuously with the increase in oxygen 
concentration. The rise was rapid as the oxygen level rose from 0% to 15% of saturation, and was 
thereafter slower. The recovery of the excess internal temperature was sudden (more than 50% complete 
within 30 minutes, when the oxygen concentration was only 10% of saturation) and complete. 
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Figure 69 
The excess internal temperature of c. auratus during aerobic recovery at 1s0 c. 
The time scale was begun when the oxygen concentration within the chamber had reached 50% 
of saturation. The time interval for combining the results was either one hour or one half an hour. 
The sample size was between 35 and 45. 
The mean excess temperature of the fish was slightly higher at the beginning of the 
aerobic recovery than later. The significance of this difference has not been determined. The 
data within the shaded area C were used for statistical analysis (Table 13). The difference 
between the mean excess temperature of fish under anaerobic (B) and aerobic (C) conditions was 
significant (Table 13), while that between the mean excess temperature under aerobic conditions 
before (A) and after (C) anoxia, was not ~ignificant (Table 13). 
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Figure 70 
The excess internal temperature of c. auratus under aerobic conditions at 5°C. 
The 13 fish used to obtain these results had a mean wet weight of 147 g. The horizontal 
bar represents the mean, and the vertical bar± one standard error of the mean. A single 
determination was made for each fish at 15 minute intervals. All the results obtained within 
each hour interval were pooled. The sample size was between 35 and 50. 
There was very little change in the mean excess temperature throughout the 30 hour 
recording period under aerobic conditions. There was, therefore, no diurnal variation in 
temperature which would have affected the interpretation of the changes in temperature which 
occurred in response to anoxia. The data within the shaded area A were used for statistical 
analysis (Table 13). 
N 
-....J 
l.O 
u 
0 
QJ' 
u 
c: 
QJ 
.... 
-2 
....... 
·-
-0 
QJ 
.... 
:::> 
-0 
.... 
QJ 
Q. 
E 
~ 
0.025 
0.020 
0.015 
0.010 
0.005 
5°C January-February 
Wet weight 114-179 g 
t t t t t t t t t t ......... ,~, I t t t t t t t t t t t t _ t t t l~~lll&c',;); t t :'&:::;l!':ki'.'\if:m 
0.000 '--~~--'-~~~~~~~...__~~---1~~~--&..~~~~~~~1--~~__,,.~~~-
36 32 28 24 20 16 12 8 4 0 
Time before deoxygenation, h 


Figure 71 
The excess internal temperature of c. auratus during hypoxia at s0 c. 
The flow of deoxygenated water was begun between 2000 and 2300 hours at a rate of 
3 1 h-1. It took between 5 and 6 hours for the oxygen concentration to fall to 0% of saturation 
in individual experiments. The oxygen concentration is expressed as a percentage of saturation 
at s0c (9.5 mg 1-1). All the temperature measurements obtained at similar oxygen concentrations 
were pooled to calculate the mean temperature difference. The sample size was 20 for oxygen 
concentrations greater than 10% of saturation, and 20 to 50 for lower concentrations. 
There was a continuous decline in the excess temperature of the fish with a fall in the 
oxygen concentration. The rate of decline was initially slow, but it increased as the oxygen 
concentration fell below 10% of saturation. 
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Figure 72 
The excess internal temperature of c. auratus during anoxia at s0c. 
The time scale was begun when the oxygen concentration within the chamber had fallen to 
0% of saturation. The results were pooled over either an hour or a half hour period. The sample 
size in each case was between 20 and 40. 
There was very little change in the excess ternperaure throughout the 16 hour recording 
period during anoxia. The data within the shaded area B were used for statistical analysis. 
There was a significant difference between the excess temperature maintained under aerobic (A) 
and anaerobic (B) conditions (Table 13). The actual period of anoxia in individual experiments 
varied from 16 to 24 hours. 
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Figure 73 
The excess internal temperature of c. auratus during hypoxic recovery at 5°C. 
-1 Aerated water was reintroduced between 1600 and 0500 hours at a flow rate of 3 l h . 
It took between 5 and 6 hours for the oxygen concentration within the chamber to reach 70% of 
saturation. The excess temperatures of individual fish at a particular oxygen concentration 
were pooled and the mean and standard error calculated. The sample size was 30. 
The excess internal temperature rose rapidly with an increase in oxygen concentration 
to about 15% of saturation. Thereafter it continued to rise, but more slowly. 
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Figure 74 
The excess internal temperature of c. auratus during aerobic recovery at 5°C. 
The results were collected over either a half hour or an hour period and the mean and 
standard error calculated. The sample size was between 30 and 40. 
The data within the shaded area (C) were used for statistical analysis (Table 13). 
There was no significant difference between the aerobic excess temperature before (A), and after 
(C), anoxia. The mean excess internal temperature after anoxia (C) was, however, significantly 
different from that during anoxia (B) (Table 13). There appeared to be a slightly higher mean 
internal excess temperature at the beginning of the aerobic recovery period than at the end, 
but the significance of this has not been determined. 
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Table 13 
The Excess Internal Temperature of c. auratus 
EXPERIMENTAL 
TEMPERATURE 
18°C 
s0c 
A * 
AEROBIC 
0.0303 
±0.0005 
N = 218 
0.0175 
±0.0005 
N = 187 
B * 
ANAEROBIC 
0.0087 
±0.0007 
N = 138 
0.0072 
±0.0004 
N = 185 
c * AEROBIC RECOVERY µA = µB# µB = µC# 
0.0292 
±0.0007 P< 0. 001 P< 0. 001 
N = 130 
0.0186 
±0.0004 P< 0.001 P<0.001 
N = 153 
A, B, C Data within the labelled areas in the relevant Figures. 
·* 
# 
N.S. 
mean 
± one standard error 
Number in sample 
The probability that the population means for the two samples are equal (Student's t-test). 
Not significant (P>0.05). 
µA = AJ.C# 
N.S. 
N.S. 
N 
ex:> 
..J:>. 
Table 14 
The Rate of Change of the Internal Temperature of c. auratus - Regression Coefficients 
EXPERIMENTAL 
TEMPERATURE 
18°C 
5°c 
A * 
AEROBIC 
-0.198 
±0.018 
N = 17 
-0.110 
±0.014 
N = 16 
B * 
ANAEROBIC 
-0.120 
±0.021 
N = 7 
-0.053 
±0.006 
N = 13 
c * 
AEROBIC RECOVERY 
-0. 211 
±0.022 
N = 10 
-0.062 
±0 .010 
N = 13 
tJA = µB# µB = µC# 
0.02 < P< 0.05 O.Ol<P<0.02 
P< 0.001 N.S. 
A, B, C Data within the labelled areas of the relevant Figures. 
* 
# 
N.S. 
mean 
± one standard error 
Number in sample 
The probability that the population means for the two samples are equal (Student's t-test). 
Not significant (P> 0.05). 
µA = JJC# 
N.S. 
0.01< P< 0.02 
N 
co 
U1 
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7.4.4 Discussion 
The metabolic heat production of c. auratus declines markedly 
in response to anoxia by about 80% at 1a0c and 70% at s0c. The decline 
:i~; ,r.;;pi1j 11w~ i;fir:: .;in<Jerobic,; h<:dt pf'VJ1J(t;icn ren.<;1.ins st<;<:Jd/ tf;rr;1;9ho1Jt 
the 8-10 hours of anoxia at 18°C and 16-24 hours at s0c. The ability 
of c. auratus to incur and sustain such large changes in its metabolic 
heat production, which presumably reflects similar changes in its 
metabolic rate, probably contributes to its extended resistance to 
anoxia. 
The results obtained reflect the specificity of the 
experimental procedures. However, there is evidence to suggest that 
they apply generally. 
The specific experimental details include the times the 
deoxygenation and reoxygenation were begun, the length of the anoxic 
period, the season in which the experiments were conducted, and the 
limited range of weights of the fish used. The results obtained under 
aerobic conditions, before beginning the deoxygenation, showed that 
there was no apparent diurnal fluctuation in the mean excess internal 
temperature. In this respect, the times at which the deoxygenation 
and reoxygenation were begun would appear to be irrelevant. However, 
the fish may have altered their heat production without showing any 
change in excess temperature because of a corresponding change in the 
heat transfer coefficient. In addition, the time of day may influence 
the fish's response to anoxia or its recovery, but it seems unlikely 
that it would cause any qualitative changes in the response. 
The experiments at 18°c were conducted during Winter, that is, 
when c. auratus is most resistant to anoxia. In contrast, the 
experiments at s0c were conducted during the Summer months. Individual 
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results, obtained at both temperatures at other times of the year, 
showed a similar general trend to those presented. Further work is 
required to establish whether the observed seasonal variation in the 
resistance of c. auratus can be attributed to differences in metabolic 
rate in response to anoxia. 
The excess internal temperature of c. auratus under aerobic 
conditions (0.03°c at 18°c and 0.0175°C at 5°C) are similar to those 
reported by other workers using different techniques. Rogers and Lewis 
(1916) found that the temperature within the stomach of c. auratus 
(11 - 26 g) was less than 0.07°C above that of the water surrounding 
the fish. A number of other workers have reported excess internal 
temperatures of fish below 1°c (Nielson, 1938; Zharov, 1965; Stevens 
and Fry, 1970). Higher excess internal temperatures (1°C - 2°c) of 
fish have been found in (2 - 5 kg) salmon (s. salar and s. trutta) 
which had been exercised to exhaustion (Lyman, 1968). Certain groups 
of fish such as tuna and lamnid sharks (Garey et al., 1971) possess 
specialised countercurrent heat exchange mechanisms for conserving 
metabolic heat and maintaining muscle temperatures of up to 10°c above 
that of the rest of their bodies and the surrounding water (Garey et al., 
1971). The temperatures measured at different positions within other 
fish also vary quite considerably. Simpson (1908) showed that the 
temperature of the blood and muscles of cod (Gadus morrhua) of 10 - 15 kg 
were usually slightly higher than the temperature measured by inserting 
a thermometer through the anus 11 to a depth of six inches 11 • Similarly, 
Stevens and Fry (1970) reported that there were differences in the 
muscle, brain and isthmus temperatures of Tilapia mossambiaa. These 
differences in tissue temperatures reflect not only the different 
metabolic rates of specific tissues but also their circulation and the 
conduction of heat within the body of the fish. It is possible that 
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the changes in the excess internal temperature of c. auratus that I 
observed in response to anoxia were due to cardiovascular changes, or to 
changes in conductivity within the body. Similarly, the temperature 
changes may reflect a change in the heat production of the tissues in 
the immediate vicinity of the thermistor probe which were not 
representative of the changes in the heat production of the whole 
animal. However, both of these would appear unlikely to be of major 
significance. In the following discussion I have assumed that the 
temperature measurements I obtained reflect a similar relative change in 
the weighted mean temperature of the whole fish. Precise measurements 
of the heat production by direct calorimetry are required to absolutely 
validate these assumptions. 
The reductions in the estimated heat transfer coefficient 
during anoxia correspond with the decline in ventilation reported in 
the previous Section (see 7.3). The gills of fish represent a major 
site of heat exchange in fish (Davis, 1955; Stevens and Fry, 1970), and 
the results presented certainly are suggestive that the heat transfer 
coefficient depends upon the ventilation volume of the fish. However, 
the correspondence between the two is not necessarily indicative of a 
causal relationship, and further work is required to establish this 
conclusively. 
It was estimated, from the simultaneous reductions in excess 
internal temperature and the heat transfer coefficient, that the heat 
production of c. auratus is reduced during anoxia by about 80% at 18°C 
and 70% at 5°c. Strictly speaking the reduction in the rate of heat 
production of c. auratus can only be interpreted as a similar reduction 
in metabolic rate if the net efficiency of all the ATP production and 
expenditure reactions is known under aerobic and anaerobic conditions 
(see 2.7). I have not conducted a detailed study of the anaerobic 
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energy metabolism of c. auratus. However, it would appear that the 
efficiency of the energy transformations would decline during anoxia. 
This can be seen by comparing the theoretical net efficiencies of 
aerobic and anaerobic energy production pathways. Glycolysis, for 
example, is less efficient, in terms of ATP yield from the free energy 
available, than oxidative phosphorylation or the oxidation of fatty 
acids. The breakdown of one glucose molecule to two lactate molecules 
in mammalian tissues provides a theoretical net production of hm ATP 
molecules. Assuming the t:.F of hydrolysis of the terminal phosphate of 
ATP in vivo is -12 kcal mole-1, approximately 24 kcal of the 47 kcal 
theoretically available, are conserved as ATP. The rest is lost as heat. 
The net efficiency of ATP production via glycolysis from glucose is then 
about 51% (Ingraham and Pardee, 1967). By comparison, the aerobic 
oxidation of the two pyruvate molecules formed from one glucose molecule, 
to carbon dioxide in the citric acid cycle, yields a further 30 ATP 
molecules. Some 360 kcal of the 546 kcal theoretically available are 
conserved in the synthesis of ATP, so that the efficiency is about 66% 
(Ingraham and Pardee, 1967). Similarly, the aerobic removal of two 
carbon atoms from a fatty acid molecule to produce ATP is about 76% 
efficient (Ingraham and Pardee, 1967). The metabolic rate was previously 
defined as the net turnover of ATP equivalents (see 2.6). In terms of 
these theoretical efficiencies a switch from oxidative phosphorylation, 
through the metabolism of either glucose or fatty acids, to glycolysis 
during anoxia, will produce more heat for the production of the same 
quantity of ATP. 
Of course, the exact pathways of anaerobic metabolism in 
c. auratus are unknown. It is possible, for example, that c. auratus 
has similar pathways for simultaneously metabolising carbohydrates and 
amino acids, as Hochachka and Somero (1973) have described for several 
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facultative anaerobes. While these pathways give greater ATP yields 
per unit substrate molecule than classical glycolysis (Hochachka and 
Somero, 1973), it seems inconceivable that they could be more efficient 
energetically (that is, in terms of the energy available which is 
conserved as ATP molecules) than the aerobic pathways for ATP production. 
The heat production of an animal depends upon the net 
efficiency of both ATP production and ATP expenditure reactions. 
Presumably the pathways for ATP expenditure of c. aUPatus during anoxia 
would remain the same, although the relative rates of particular 
pathways may change and so produce a change in the net efficiency, and 
consequently the heat production. In addition, the efficiency of each 
of the component ATP production and expenditure reactions depends upon 
the intracellular conditions. These conditions would be expected to 
deteriorate during anoxia, because of the accumulation of endproducts, 
acidosis, and because of the general effects of the reduction in 
energy availability and metabolic rate, on the maintenance of the 
internal ordered state cells. The efficiencies of the component 
reactions would, therefore, be reduced during anoxia. Consequently, 
it does not seem possible that the observed changes in the heat 
production of c. aUPatus could have been due to an increase in the 
efficiency of ATP production and utilisation. On the contrary, the 
efficiency would be expected to be reduced, so that the observed 
changes in heat production are representative of an even greater 
decline in the metabolic rate of c. aUPatus. 
The reduction in the heat production of c. aUPatus in response 
to anoxia is comparable with the 85% reduction in heat production of the 
turtle (Pseudemys saripta elegans) (Jackson, 1968) and the 80% reduction 
in the frog (Bufo bufo) (Leivstad, 1960) which occurs during prolonged 
diving. In c. aUPatus the heat production (as indicated by the change 
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in internal temperature) fell with the decline in the availability of 
oxygen, and minimal heat production occurred almost immediately after 
the onset of anoxia. In contrast, Jackson (1968) reported that the 
decline in the heat production of the turtle did not begin immediately; 
it fell as the oxygen reserves were depleted. After the depletion of 
the oxygen reserves the heat production of turtles continued to decline 
more slowly throughout the anoxic period (Jackson, 1968). The very 
rapid reduction in the metabolic rate of c. au.x>atus may be adaptive 
in conserving energy and substrate reserves. Further work is required 
to ascertain whether the reduction in the metabolic rate of c. au.x>atus 
is an active or a passive process; whether all tissues are involved, 
and how c. au.x>atus can resist such drastic reductions in its metabolic 
rate. I shall discuss these further in Chapter 9. 
It is interesting that the relative reductions in metabolic 
rate were greater at 18°C (80%) than at s0c (70%). It is not possible 
to estimate what this means in absolute terms because the heat capacity 
of c. au.x>atus has not been determined. Chipman and Longstreth (1928) 
showed that the heat capacity of fish tissues is temperature dependent, 
being greater at a higher temperature. However, it is clear that the 
anaerobic metabolic rate of c. au.x>atus at 18°C is still greater than 
that at s0c, for the difference in the aerobic oxygen consumption of 
c. au.x>atus is about 4 fold (Brett, 1964a). 
The difference in the anaerobic metabolic rate may partially 
explain the greater anaerobic resistance of c. au.x>atus at lower 
temperatures. However, considerable care must be exercised when 
deducing anaerobic resistances on the basis of metabolic rates (see 1.2). 
The anaerobic resistance of mammals appears to depend on their ability 
to continue to supply energy aerobically at a reduced rate and to 
resist the consequences of not meeting their energy requirements for 
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maintenance, rather than an ability to actively reduce their.energy 
requirements. The greater resistance of c. auratus at s0c than at 1s0c 
may be partially due to its lower metabolic rate during anoxia at this 
temperature. However, the acclimation temperature may have other effects 
which will influence its resistance. For example, the metabolic 
pathways which are available for anaerobic energy production may be 
quite different. 
In conclusion, c. auratus displays a very substantial reduction 
in its metabolic rate in response to anoxia. This can be partially 
attributed to a decline in the fish's physical activity and gill 
ventilation, and perhaps in other functions. These responses may 
possibly be initiated by a reflex response to the decline in oxygen 
concentration. The extent of the decline suggests that the overall 
standard metabolic rate of the animal is reduced, although it remains 
to be established whether all tissues are affected to a similar extent. 
Similar responses to anoxia have been reported in a wide variety of 
other vertebrates (Pickwell, 1968). It is clearly a resistance 
adaptation which acts to delay the eventual decay of the living 
systems of the animal to critical levels at which death occurs. 
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Chapter 8. 
Oxygen Debt Repayment 
8.1 Introduction 
The repayment of an oxygen debt during recovery from hypoxia 
or exercise is a common response in most vertebrates. The oxygen debt 
is usually measured as the net amount of oxygen consumed during the 
recovery period in excess of the oxygen consumed during a similar period 
before exercise or hypoxia. The concept of an oxygen debt as originally 
conceived held that the oxygen deficit incurred during hypoxia and the 
debt repaid during recovery were equal, and were associated with the 
production and subsequent elimination of lactate. On this basis, the 
size of the oxygen debt repayment has been used to establish the nature 
and extent of the metabolism during hypoxia or exercise. However, it 
has been reported that some species of fish do not repay an Qxygen debt 
during recovery from a period of hypoxia or anoxia. 
Marvin and Heath {1968) found that there was no difference in 
the oxygen consumption of I. nebuZosus before and after a period of 
hypoxia at 2s0c. They deduced from this that I. nebuZosus does not 
repay an oxygen debt. Similarly, Blazka {1958) found that the oxygen 
consumption of c. aarassius was not elevated during recovery from 5 and 
10 hours of "practically absolute anoxia" at 20°c and s0c, respectively. 
He inferred that c. aarassius does not repay an oxygen debt, and further, 
that this implied that either intermediates such as lactate were not 
accumulated during anoxia, or that any intermediates produced were 
excreted and so no extra oxygen consumption during recovery was required 
for their elimination. Considerable significance has been attached to 
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these findings. For example, Hochachka and Somero (1973) referred to 
Blazka's findings when discussing the possibility that anaerobic pathways 
other than classical glycolysis are present in fish. However, these 
conclusions are unwarranted without supporting evidence because of the 
recent challenges to the validity of the concept of an oxygen debt in 
mammals, and because of the possible deficiencies in the methods used by 
Blazka (1958) and Marvin and Heath (1968). 
Later in this Chapter, I shall review the current standing of 
the concept of an oxygen debt in mammals for which it was originally 
derived. It will be shown that there is often a discrepancy between the 
oxygen deficit and the oxygen debt of mammals. The excess oxygen 
consumed during recovery involves many component costs which are 
unrelated to the decline in lactate levels. Indeed, the correspondence 
between the elevated oxygen consumption of mammals during recovery and 
the decline in lactate levels appears to be largely coincidental rather 
than causal. It is, therefore, very difficult' to deduce anything 
regarding the nature or extent of the anaerobic metabolism, or the 
presence or absence of an oxygen debt, solely from an excess amount of 
oxygen consumed during recovery. 
An examination of the limited information available concerning 
the oxygen debt repayment of fish, suggests that the methods used by 
Blazka (1958) and Marvin and Burton (1968) were inadequate. The excess 
oxygen consumption of many species of fish is small relative to that of 
mammals, but is continued for a much longer period (Heath and Pritchard, 
1965). It is therefore, more difficult to demonstrate an excess oxygen 
consumption of fish during recovery. In addition, changes in the 
metabolic rate of fish during anoxia or recovery are likely to be 
relatively more significant. It was shown in the previous Chapter that 
c. auratus substantially reduces its metabolic rate during anoxia. 
If an oxygen deficit accumulates in c. aUPatus (and presumably 
c. carassius) it does so very slowly. Hence the period of anoxia 
or hypoxia should be long enough to ensure that a sufficiently large 
oxygen deficit is accumulated for an oxygen debt repayment to be 
measured. It is also conceivable that a small amount of oxygen 
consumed during hypoxia may be sufficient to largely support its 
reduced metabolic rate during hypoxia. This will further reduce the 
rate at which any oxygen deficit accumulates. I showed earlier that 
even a minute consumption of c. auratus, considerably increased its 
resistance to hypoxia, presumably because it derived some of its 
energy needs aerobically. Therefore, the major methodological 
requirements for determining the excess oxygen consumption of fish 
during recovery are: 
1. The oxygen concentration and duration of the 
oxygen depletion should be chosen so that a large 
deficit is accumulated. 
2. The measurements of the oxygen consumption of 
the fish before and after the oxygen depletion 
should be performed accurately. 
3. The measurements should be continued for a 
long period during recovery because of the 
prolonged elevation of oxygen consumption 
generally observed with fish. 
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Neither Blazka (1958) nor Marvin and Burton (1973) met these 
requirements adequately. Marvin and Burton (1973) subjected I. nebulosus 
to only short (one hour) periods of hypoxia (1.0 mg o2 1-
1) before 
measuring the oxygen consumption during recovery. Yet these authors 
themselves regard this species as an oxygen conforming species which 
prolongs any shift to anaerobic metabolism by reducing their oxygen 
requirements during hypoxia. The deficit accumulated under such 
conditions may have been insufficient for a debt to be detected. 
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Blazka (19S8) used long periods of reduced oxygen 
concentrations of some S hours at 20°c and 10 hours at s0c. However, 
although he described the oxygen levels as being 11 practically absolute 
anoxia 11 , the fish displayed a small, but perhaps very significant, 
oxygen consumption throughout the period of oxygen depletion. He also 
only monitored the oxygen consumption of the fish during recovery for 
4 hours at 20°c and 2 hours at s0c. 
I have determined the oxygen consumption ~f c. auratus before 
and after anoxia at 18°c and s0c under much more stringent conditions. 
The oxygen concentrations during anoxia were less than 0.01 mg 1-1. 
The length of the anoxic periods were the maximum permitting total 
survival of all the fish at each temperature. The oxygen consumption 
of the fish during recovery was monitored for long periods. 
8.2 Procedures 
8.2.1 Apparatus and General Procedures 
All the experiments were conducted during January 1973. The 
oxygen consumption of 8 fish was .measured before and after a period of 
anoxia at 18°c and s0c. The fish were subjected to the maximum period 
of anoxia at each temperature which was tolerated by all the fish 
without obvious signs of distress. 
The oxygen consumption of the fish was measured by placing 
single fish into each of the 2.S l chambers of apparatus A. The fish 
were acclimated to the chambers for 24 hours with a steady flow of 
aerated water. Following the acclimation, water samples were collected 
297 
either hourly or half-hourly from each of the chamber outlets and from 
the inlet blank tube. The mean oxygen consumption of the fish during 
each successive interval was calculated by estimating the difference in 
oxygen concentration between the chamber inlet and outlet, and the rate 
of water flow through each of the chambers. 
8.2.2 Details of the Experiments Conducted at 18°C 
The mean wet weight of the 8 fish used was 72 g (range 58 to 
95 g). Three separate experiments were required. The two or three fish 
used in each experiment were acclimated to the chambers for 24 hours 
with a flow of aerated water of 3 1 h-1. Four water samples were then 
collected from each of the chamber outlets and from the inlet blank tube 
at hourly intervals between 1800 and 2200 hours. The flow of 
deoxygenated water was begun at 2200 hours at a flow rate of 4 1 h-1. 
The oxygen concentrations within the chambers had fallen below 
0.01 mg 1-l by 2400 hours. The flow of deoxygenated water was reduced 
to 3 1 h-l and maintained for a further 6 hours. Aerated water was then 
reintroduced at 0600 hours at an initial rate of 4 1 h-l for 30 minutes. 
This water flow was sufficient to raise the oxygen concentration. within 
the chambers to more than 50% of the oxygen concentration of the inlet 
water. The flow rate was then reduced to 3 1 h-1, and water samples 
were collected at half-hour intervals. Samples were collected for a 
period of 14 hours during the fish's recovery from anoxia. The final 
estimates of the oxygen consumption of the fish during recovery were 
made at an identical time of day as those made before the anoxic period. 
This allowed the comparison of the oxygen consumption of the fish before 
and after anoxia without any possible contribution from the diurnal 
variation in oxygen consumption. 
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8.2.3 Details of the Experiments Conducted at 5°c 
The mean wet weight of the 8 fish used was 78 g {range 61 to 
96 g). The fish were acclimated to the chambers for 24 hours with a 
-1 
. flow of aerated water of 1.5 1 h . Five water samples were collected 
from each of the chamber outlets and the inlet blank tube at one hour 
intervals between 0900 and 1400 hours. The flow of deoxygenated water 
was begun at 1400 hours at an initial rate of 3 1 h-1. After two 
hours the flow rate was reduced to 1.5 1 h-1. At this time the oxygen 
concentration within the chambers had fallen below 0:01 mg o2 1-
1
. 
The flow of deoxygenated water was continued for a further 15 hours, 
which represented the maximum period of anoxia before the fish showed 
obvious signs of distress. Aerated water.was reintroduced at 0700 
hours {on the day following the deoxygenation) at an initial flow rate 
of 4 1 h-1. After 20 minutes the flow rate was reduced to 1.5 1 h-1, 
and continued at this rate throughout the rest of the recovery period. 
Water samples were collected from the chamber outlets and the inlet 
blank tubes at half-hour intervals until 1330 hours, and then hourly until 
2330 hours. Sampling was then stopped, but a further three samples were 
collected between 0900 and 1000 hours on the following day. This time 
of day corresponded with that when samples were collected, before anoxia 
and during the early period of recovery. This allowed a comparison of 
the oxygen consumption of the fish independent of diurnal effects. 
8.2.4 Calculations 
·The oxygen consumption of each individual fish before 
beginning the deoxygenation was calculated according to the equation: 
Z = F ( Ci - C ) 
where Z is the oxygen consumption of the 
fish (mg o2 1-
1) 
F is the flow rate of the water 
(1 h-1) 
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(Appendix 3) 
Ci is the oxygen concentration of the 
inlet water (mg o2 1-
1) 
C is the oxygen concentration of the 
outlet water (mg o2 1-1). 
Each estimate of the oxygen consumption of the fish so 
obtained was divided by the wet weight of the fish (g). The estimates 
obtained for each fish at similar times before or after anoxia were 
pooled and the mean oxygen consumption and its standard error 
calculated. 
The above equation can only be used when the oxygen 
concentration of the chamber outlets is in approximate steady-state. 
It is therefore, inappropriate for determining the oxygen consumption 
of the fish during the initial stages of the recovery. It will be 
recalled that following anoxia at both temperatures the aerated water 
was initially flowed into the chambers at a rate of between 3 and 
4 1 h-l for about 30 minutes. This was sufficient to increase the 
oxygen concentration in the chambers to about 50% of that of the aerated 
water entering the chambers (about 8.7 mg o2 1-l at 18°C, and 8.8 
mg o2 1-l at 5°C). It was necessary to increase the oxygen concentrations 
within the chambers above the concentration at which it would have 
affected the oxygen consumption of the fish. The work of Fry and Hart 
(1948) and Beamish (1964) suggests that the oxygen consumption of resting 
c. a.UPatus is not affected by the dissolved oxygen concentration until 
it falls below 50% of saturation at temperatures between 5°C and 20°c. 
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After 30 minutes the flow rate was reduced to 3 1 h-l at 18°c 
and 1.5 1 h-l at 5°C. Using this procedure the oxygen concentration of 
the outlet water did not reach steady-state values (about 80% and 85% of 
that of the aerated water at 18°c and 5°C respectively) until 4 to 6 
hours after beginning the flow of aerated water. The change in oxygen 
concentration within the chamber during this period is due to the 
combined effect of the oxygen consumption of the fish and the gradual 
flushing of the chamber with aerated water. An equation for calculating 
the oxygen consumption of the fish during this transition period is 
derived in Appendix 3. 
Z = F C. - F (C - C e 1 0 
1 - e 
-F T 
v 
-F T 
v ) 
where Z is the oxygen consumption of the fish 
(mg 02 1-1) 
V is the volume of the water in the chamber (1) 
F is the rate of water flow through the 
chamber (1 h-1) 
c. is the oxygen concentration of the inlet 
1 
water (mg o2 1-
1) 
C0 is the oxygen concentration of the outlet 
water at time T = O (mg o2 1-
1) 
C is the oxygen concentration of the outflowing 
water at time T (mg o2 1-
1) 
T is the time interval between samples (0.5 h). 
The oxygen concentration of the inlet water was stable throughout the 
recovery period, and its mean value in a particular experiment was used 
in the above equation. Estimates of the oxygen concentration of the 
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outlet water (C) were obtained at half-hour intervals. The equation 
presented allowed the calculation of the mean oxygen consumption of the 
fish during successive time intervals. The oxygen concentration of the 
water sample collected at the end of one time interval (C) became the 
initial oxygen concentration (C0 ) for the next interval, and so on. 
The first estimate of the oxygen consumption of the fish 
during recovery was not made until an hour after the aerated water 
was first introduced. Each of the oxygen consumptions was expressed 
relative to the wet weight of the fish, and estimates for different 
fish at the same time before and after anoxia were pooled and the mean 
and standard error calculated. The significance of the difference 
between the mean oxygen consumptions of the fish before and after 
anoxia were determined using a Student's t-test. 
8.3 Results 
The results obtained from the experiments conducted at 1s0c 
and 5°c are presented in Figures 75 and 76 respectively. c. auratus 
showed a significantly greater oxygen consumption after a period of 
anoxia, than before~ at both 1s0c and 5°c. The maximum increase in 
the oxygen consumption at both temperatures was rather small, between 
50% and 100% of the pre-anoxic level. The oxygen consumption remained 
significantly elevated above the pre-anoxic level for more than 12 h 
at 1s0 c and 16 h at 5°C. 

Figure 75 
The oxygen consumption of c. auratus before and after a period of anoxia at 18°C. The results 
presented were obtained using 8 fish with a mean wet weight of 72 g. The horizontal bar represents the 
mean oxygen consumption and the vertical bar ± one standard error of the mean. The sample size in each 
case was 8. Each determination of the oxygen consumption was obtained from a water sample collected 
over a half-hour or an hour period, and so it represents the mean oxygen consumption of the fish during 
this time interval. The flow of deoxygenated water was begun at 2200 hours. After 2 hours of a rapid 
flow, the oxygen concentration within the chambers had fallen below 0.01 mg o2 1-
1
. The flow of 
deoxygenated water was continued for a further 6 hours. Aerated water was reintroduced at an initially 
rapid rate for 30 minutes to raise the oxygen concentration in the chamber above 50% of that of the inlet 
water. The flow rate was then reduced and the oxygen concentration within the chamber did not reach 
steady levels for about 6 hours. It was assumed that the oxygen consumption of the fish was unaffected 
by the low oxygen concentration during this transition period. The first estimate of the oxygen 
consumption of the fish was not obtained until one hour after the aerated water first entered the chamber. 
The time of day, 10 to 14 hours after beginning the recovery (1800 to 2200 hours), corresponded with the 
time the measurements were made before anoxia. Each of the mean oxygen consumptions during the recovery 
period was significantly (P>0.05) different from the mean aerobic oxygen consumption before anoxia 
(Student's t-test). 
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Figure 76 
The oxygen consumption of c. auratus before and after a period of anoxia at s0c. The results 
presented were obtained using 8 fish with a mean wet weight of 78 g. The horizontal bar represents the 
mean oxygen consumption and the vertical bar ± one standard error of the mean. The sample size in each 
case was 8. Each determination of the oxygen consumption was obtained from a water sample collected 
over a half-hour or an hour period, and so it represents the mean oxygen consumption of the fish during 
this time interval. The flow of deoxygenated water was begun at 1400 hours. After two hours of rapid 
flow, the water oxygen concentration within the chambers had fallen below 0.01 mg o2 1-
1
. The flow of 
deoxygenated water was continued for a further 15 hours. Aerated water was reintroduced at an initially 
rapid rate for 30 minutes to raise the oxygen concentration within the chamber above 50% of that of the 
inlet water. The flow rate was then reduced so that the oxygen concentration within the chamber did not 
reach a steady value until 4.5 hours after the flow of aerated water was begun. It was assumed that the 
oxygen consumption of the fish was unaffected by the low oxygen concentration during the transition 
period. The first estimate of the oxygen consumption of the fish was not obtained until one hour after 
the aerated water first entered the chamber. The oxygen consumptions measured before anoxia, during the 
first 7 hours of the recovery period, and also those measured after 28 to 30 hours of recovery were made 
at an identical time of day (0900 to 1600 hours). Each of the mean oxygen consumptions, apart from those 
so labelled, were significantly (P>0.05) different from the mean oxygen consumption before anoxia 
(Student's t-test). 
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8.4 Discussion 
Once again the results obtained reflect the specificity of the 
experimental procedures, such as the season in which the experiments 
were conducted, and the time of day of the deoxygenation and recovery. 
The design of the experiments allowed a direct comparison of the 
amounts of oxygen consumed by the fish at the same time of day before 
and after anoxia. This showed that the elevation of the oxygen 
consumption during the recovery was not due to a diurnal change in the 
oxygen consumption of the fish. 
The results I obtained with c. auratus were contrary to the 
findings of Blazka (1958) with c. carassius. In view of the criticism 
of Blazka's methods already outlined there is a need to attempt to 
verify his findings with c. carassius under more stringent conditions. 
My results are similar to those Heath and Pritchard (1965) obtained 
with bluegill sunfish (Lepomis macrochirus). The oxygen consumption of 
this species increased by about 50% compared with its pre-hypoxic level 
and remained elevated for 10 hours at 20°c. 
It would be presumptuous, however~ to attribute the increased 
oxygen consumption of c. auratus during recovery to the repayment of an 
oxygen debt. Before discussing this in relation to the other results 
presented in this thesis and the limited information which is available 
on the oxygen debt repayment in fish, I shall briefly discuss the 
current standing of the concept of an oxygen debt in mammals. 
8.4.1 The Concept of an Oxygen Debt 
The original concept of an oxygen debt was formulated as an 
explanation for the excess oxygen consumed during recovery from exercise 
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in man. Hill and Lupton (1923) and Hill, Long and Lupton (1924) noted 
that during exercise the oxygen consumption of man increased, and 
remained high during a subsequent recovery period. When exercise was 
severe the work performed was far greater than could be accounted for 
by the excess oxygen consumption during exercise. Apparently the 
cardiovascular system was not able to maintain the supply of oxygen 
and so there was an oxygen deficit. Krough and Lundhard (1920) and 
Hill and co-workers, found that the blood lactate concentration 
increased during exercise, and decreased to control levels during 
recovery in a way which corresponded with the changes in oxygen 
consumption during recovery. They postulated that the excess energy 
requirements during exercise were provided via anaerobic glycolysis, 
producing lactate from glycogen. During recovery 20% of the lactate 
which accumulated during exercise was oxidised to provide the energy 
to synthesise glycogen from the remaining 80%. The oxidation of 
lactate was responsible for the excess oxygen consumption during the 
recovery. As originally conceived, the concept of an oxygen debt 
predicts that there would be a close similarity between the oxygen 
missed during exercise or hypoxia (oxygen deficit) and the extra oxygen 
consumed during the recovery (oxygen debt), because of their 
association with the degradation and subsequent resynthesis of 
glycogen. It also predicts that the amount of lactate produced during 
anoxia is proportional to the oxygen deficit. The failure to find an 
oxygen debt implies that there is no deficit, because of alternative 
anaerobic metabolic pathways differing from classical glycolysis, or 
that the lactate which is produced has an alternative fate other than 
that which is required for the repayment of an oxygen debt. 
It is interesting in the light of later findings, that Hill, 
Long and Lupton (1924) attributed about 5% of the excess oxygen consumed 
during recovery to the increased costs of the circulation and 
respiration. They also described two phases of the oxygen debt, 
a rapid phase which they attributed to the synthesis of glycogen 
from lactate in the muscles, and a slower phase, attributed to the 
resynthesis of glycogen from blood lactate in other tissues. 
8.4.2 Findings Inconsistent with the Concept of an Oxygen Debt 
8.4.2.1 11Alactacid 11 Component of the Oxygen Debt 
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The first blow to the Hill-Meyerhof concept of an oxygen debt 
came with the discovery that severe muscular contractions were associated 
with the liberation of phosphate. Fische and Subbarow (1929) showed 
that CP concentrations in muscles were depleted during contractions and 
were replenished during recovery. In addition, Lundsgaard (1931) showed 
that muscles poisoned with glycolytic inhibitors could contract without 
producing lactate. The contraction of muscles was therefore linked to 
the breakdown of CP and ATP. The conflict between these findings and 
the Hill-Meyerhof concept of an oxygen debt was temporarily resolved 
by subdividing the oxygen debt into the so-called "lactacid" and 
"alactacid" components (Margaria, Edwards and Dill, 1933). These 
authors showed that, after work of all intensities, a portion of the 
oxygen debt was unrelated to the appearance of lactate in the blood. 
Indeed, low levels of activity could be performed without any increase 
in blood lactate at all (Margaria et al., 1971). The 11 alactacid 11 
component of the oxygen debt repayment was fast, and independent of the 
lactate removal; the 11 lactacid 11 component was slow, lasting in excess 
of an hour, and was attributed to the synthesis of glycogen from 
lactate (Margaria et al., 1969). Margaria et al. (1969) attributed the 
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11alactacid 11 component to the oxygen required to replenish the stores 
of ATP and CP in the muscles which were depleted during the early stages 
of all levels of exercise. Other workers have added other oxygen 
requirements to the 11 alactacid 11 component. The oxygen stored in the 
muscles and body fluids, bound to haemoglobin, myoblobin, and in 
physical solution, is depleted during hypoxia and exercise. The 
replenishment of these stores during recovery contributed to the 
11alactacid 11 oxygen debt (Piiper and Spiller, 1970; di Prampero, 1970; 
Brooks et ai., 1971). 
Using such a division of the oxygen debt into 11 lactacid 11 and 
11alactacid 11 components, some workers have found an approximate 
correlation between the oxygen debt remaining, after all the elements 
of the 11 alactacid 11 oxygen debt have been accounted for: and the lactate 
produced during exercise or anoxia. Karlsson (1971) expressed the mean 
total amount of lactate produced in the human body during exercise, 
as an ATP yield from glycolysis, and found that it corresponded with the 
ATP yield from the 11 lactacid 11 portion of the oxygen debt. Cerretelli 
et ai. (1969) also claimed validity for the concept of an oxygen debt 
after accounting for the 11 alactacid 11 components. They showed that a 
plot of the work output of muscles against lactate production was linear, 
after an initial phase not associated with the production of lactate. 
They equated the latter with the 11alactacid 11 component of the oxygen 
debt and concluded that the division of the oxygen debt into 11 lactacid 11 
and 11alactacid 11 components satisfactorily explained the oxygen debt. 
Other workers have failed to find a correlation between 
lactate production and elimination, and the 11 lactacid 11 component of the 
oxygen debt and have criticised this division of the oxygen debt into 
two components. Knuttgen (1971) for example, found that a portion of 
the slow component, that is the portion normally assigned to the 
11 lactacid 11 component of the oxygen debt, could be explained in terms 
of a general disturbance of the resting metabolic rate of an animal 
through the effects of body temperature changes, electrolyte 
imbalance, hormone release and sympathetic activity. This led to a 
general increase in the metabolic rate of the animal throughout the 
recovery period. They suggested that the use of the terms 11 lactacid 11 
and 11 alactacid 11 were therefore inappropriate. It should be 
mentioned however, that when Margaria, Edwards and Dill (1933) first 
separated the oxygen debt into components they also mentioned a 
third component which they attributed to the increased metabolic rate 
of the animal during recovery. At present, therefore, the original 
concept has been modified quite considerably in an attempt to explain 
discrepancies. The elevated oxygen consumption during recovery has . 
been assigned to a number of components, only one of which is 
directly attributable to the elimination of lactate. There is 
disagreement over the adequacy of this description of the oxygen 
debt. 
Even when every effort has been taken into account for 
every element of the 11 alactacid 11 portion of the oxygen debt, a 
number of workers have still found a discrepancy between the oxygen 
deficit and debt, and their relationship with the production and 
elimination of the lactate. This has led several authors to question 
the general validity of the concept (Alpert, 1965; Cain, 1967; 
Keul et al., 1967; Brooks et al., 1971). Some of the major reasons 
for this questioning have been outlined below. 
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8.4.2.2 Changes in the Metabolic Rate During Hypoxia and Recovery 
It will be recalled that when estimating the size of the 
oxygen debt and deficit, and when seeking to establish their equality, 
the assumption is made that the general or basal metabolic requirements 
of an animal during hypoxia and recovery remain the same. The oxygen 
deficit is calculated as the difference between the pre-hypoxic oxygen 
consumption of the animal, and the animal's actual oxygen consumption. 
The oxygen debt is calculated as the oxygen consumed during recovery 
which is in excess of that consumed during a similar period before 
hypoxia. When hypoxia is induced by exercise in excess of that which 
can be supported by the oxygen supply, the oxygen deficit is calculated 
by relating the work done to the oxygen consumed. Both Hill, Long and 
Lupton (1924) and Margaria, Edwards and Dill (1933) recognised that 
this assumption of a constant metabolic rate before and after a period 
of hypoxia is invalid because of the increased costs of respiratory and 
cardiovascular activity during recovery. It is now recognised that the 
general metabolic rate may also vary during hypoxia and that this may 
affect the estimation of the oxygen deficit and debt. In attempting 
to overcome this problem, various rates of oxygen consumption have been 
used when estimating the size of the deficit or debt. These include 
the basal (Robinson et aZ., 1958), resting (most workers) and active 
(Welch et aZ., 1970) oxygen consumptions. However, regardless of the 
baseline used, the experimentally determined values of the oxygen debt 
are usually larger than expected (Welch et aZ., 1970; Brooks et aZ., 
1970). The changes in the metabolic rate during hypoxia and recovery 
have been associated with: 
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a). The Costs of the Respiration and Circulation 
Substantial increases in respiration and heart output occur 
during hypoxia and exercise which represent an increase in the basal 
metabolic rate of the animal. The respiration and heart output remain 
elevated during the recovery and so they also contribute to the excess 
oxygen consumption of the animal during recovery (Shephard, 1966; 
Welch et aZ., 1970). Jones and Mustafa (1973) found that the costs 
associated with the elevation of the ventilation of the frog (Rana 
pipiens) during recovery, accounted for a large proportion of their 
excess oxygen uptake. 
b). Temperature Changes 
The body temperatures of most mammals are reduced when they 
are exposed to hypoxia at low ambient temperatures. Hill (1959) showed 
that the decline in the body temperature of guinea pigs and kittens is 
always preceded by a reduction in oxygen consumption, suggesting that 
hypoxia eliminates the extra oxygen required a"t low ambient 
temperatures to maintain the body temperature. Bhatia, George and Rao 
(1969) working with rats, attributed the decline in their temperature 
during hypoxia to the breakdown of the thermoregulatory response, rather 
than to any change in the rate of heat loss. 
Exercise leads to an increase in body temperature during 
activity and during a subsequent recovery period. Temperature increases 
of up to 6°c have been reported in humans (Salton, 1968) and rats 
(Brooks et aZ., 1971) in response to heavy exercise. Barclay (1969) 
observed a 50-130% increase in the oxygen debt associated with a 3°C 
rise in muscle temperatures during exercise. Similarly, Barnard and Foss 
(1969) demonstrated that dogs repaid much larger oxygen debts when their 
thermoregulation was limited. 
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c). Catecholamines 
It has been found that catecholamine levels rise in response 
to exercise in a way correlated with the work load (Haggendal, 1970). 
The rise in catecholamines is mainly attributed to noradrenalin 
released from the adrenergic nerve terminals of the sympathetic system. 
Catecholamines have been found to affect the metabolic rate mainly 
through activation of the beta-receptors. When beta-receptor blocking 
agents such as propanol are used, the oxygen consumption during both 
exercise and recovery are reduced considerably. The blocking agents 
also reduce the heat production and the blood lactate and free-fatty 
acid concentrations associated with exercise (Cain, 1969). Barnard 
and Foss (1969) showed that catecholamines increase both the 11 lactacid" 
and "alactacid" components of the oxygen debt. 
d). pH 
The amount of lactate which accumulates in dogs in response to 
a given level of hypoxia increases when hypocapnia during hypoxia is 
prevented (Takano, 1966, 1968). This is not due to an effect of low 
carbon dioxide on the supply of oxygen, but rather to the effects of 
the change in carbon dioixde and pH, themselves. Cain (1968) found 
that for the same oxygen deficit, blood lactate levels increased to a 
greater extent when the Pea levels were reduced during hypoxia, than 
2 
when they were kept at normal levels. Hypercapnia on the other hand, 
considerably diminished the amount of lactate which accumulated. 
These changes were attributed to the changes in the base-line energy 
demand during hypoxia induced by the Pea or pH changes. Cain (1969) 
2 
used a beta-receptor blocking agent to show that the effects of high 
Pea and acidosis were partially mediated by an inhibition of the 
2 
catecholamine calorigenesis. The rest was attributed to the known 
direct effects of pH on glycolytic rates. 
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e). Others 
Hypoxia is known to induce other changes in the general state 
of mammals which would influence their recovery (Knuttgen, 1970). 
This includes the disturbance of the intracellular electrolyte 
concentrations. Hearse and Chain (1972) found that the recovery of the 
perfused rat heart from anoxia was normally quite slow and often 
incomplete. The incomplete and slow recovery appeared to be related to 
the substantial losses of K+ from the heart during anoxia (Russel et ai., 
1961). When the hearts were perfused with solutions containing high K+ 
concentrations the rate and extent of the recovery was dramatically 
increased. The recovery of function was also improved when glucose 
was added to the perfusate. The rate and extent of recovery seemed to 
depend on the myocardial ATP concentrations at the time of the 
reoxygenation. The inclusion of glucose and K+ in the perfusate led 
to the maintenance of higher ATP levels during anoxia. 
f). Sloths 
The significance of the effects of changes in metabolic rate 
during hypoxia and recovery on the interpretation of the excess oxygen 
consumption during recovery, and its relationship with the oxygen debt, 
is demonstrated by the work of Irving et ai. (1941) on sloths. They 
found that the oxygen consumption of sloths during recovery from a 
cessation of breathing lasting 5-25 minutes, was not elevated above 
that measured before the hypoxia. Therefore, there was no evidence 
that the sloth repayed an oxygen debt. However, Irving et ai. (1941) 
showed that the oxygen stores of the animal were depleted during hypoxia 
and that there was a small increase in the tissue lactate levels. During 
a subsequent period of recovery these stores were replenished, the lactate 
levels were gradually decreased and there was an increase in carbon 
dioxide production. The authors concluded that an oxygen deficit was 
incurred during hypoxia. It was smaller than expected due to the 
reduction in metabolic rate during hypoxia. The deficit was rapidly 
repaid during recovery without an elevation of the oxygen consumption 
because the general metabolic rate of the animal was also reduced 
during the recovery period. The failure to demonstrate an excess 
oxygen consumption during recovery, is therefore not necessarily 
indicative of a failure to repay an oxygen debt, or of a failure to 
produce lactate during hypoxia. 
8.4.2.3 Lactate Production and Subsequent Metabolism 
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The classical concept of an oxygen debt, and its relationship 
to the oxygen deficit, depends upon the assumption that glycogen is 
broken down to lactate during hypoxia, and during recovery 20% of the 
lactate is oxidised to provide the energy to synthetize glycogen from 
the remainder. Margaria, Edwards and Dill (1933) claimed that the 
oxidation of as. little as 10% of the lactate was required. Hill, Long 
and Lupton (1924) originally proposed that the fast phase of the excess 
oxygen consumed during recovery represented gluconeogenesis in the 
muscles and the slower phase the gluconeogenesis in the liver. 
Subsequent work has shown that gluconeogenesis from lactate 
does not take place to any significant extent in mammalian skeletal 
muscle tissues (Keopp et al., 1964; Krebs, 1964). However, som2 of the 
lactate produced is resynthetized to glucose or glycogen in liver tissues. 
When inhibitors of gluconeogenesis such as tryptophan were used, the 
excess oxygen consumption in dogs after exercise was decreased by about 
50% (Barnard and Foss, 1969). Much of the lactate produced in mammals 
is oxidised by the muscles themselves, the heart, the liver and other 
tissues to supply the basic needs of the tissues. No extra oxygen 
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consumption would be required for the removal of lactate in this way 
(Knuttgen, 1971). About 75% of the labelled lactate infused into dogs 
(Depoia et al., 1969) and rats (Brooks et al., 1973) during exercise 
was oxidised to carbon dioixde. In rabbits 80-90% of the labelled 
lactate infused was oxidised, and only 5% was subsequently found in 
glycogen or glucose (Drury and Wick, 1956). In addition, the lactate 
concentrations in muscle tissues during exercise are not the result of 
accumulation as such, but of a steady turnover. Jorfeldt (1970, 1971), 
Hermansen and Stensvald (1972) and Hubbard (1973) have shown that the 
lactate in mammalian muscle tissues is under continuous exchange with 
the lactate in the blood. The lactate taken up by the muscles does not 
undergo gluconeogenesis, because muscle tissues lack the capacity for 
this. It represents a continuous oxidation of lactate by the muscles 
themselves. The net release of lactate from the muscles during exercise 
is initially high, but falls progressively if the exercise is prolonged. 
The uptake and oxidation of the lactate by the muscles, occurs at a rate 
independent of the length of the exercise period, but dependent on the 
arterial lactate concentration (Jorfeldt, 1970). The lactate levels 
in the muscles and blood are therefore the result of a continuous 
production and oxidation. The rate of lactate removal during recovery 
can be increased if some exercise is maintained, apparently because it 
stimulates the turnover of lactate (Jorfeldt, 1970). The muscles 
themselves represent a major site for lactate removal (Hermansen and 
Stensvald, 1972), but significant uptakes of lactate have been 
demonstrated in liver (Rowell et al., 1966; Davis, 1970), kidney 
cortex and other tissues (Knuttgen, 1971). Small amounts also appear 
in the sweat and urine. It has been suggested that the lactate 
production and uptake in mammals may occur specifically in the red and 
white muscle tissues respectively (Keul, Doll and Keppler, 1969). 
Additional uptake and release of lactate could, therefore, occur 
internally between the red and white muscle fibres without passing 
into the general circulation. 
Several studies have raised the whole question of what the 
lactate produced during exercise represents. It has been shown that 
resting muscles as well as active muscles produce lactate (Andres, 
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Cader and Zierler, 1956). Even during very heavy work, the deep vein 
oxygen levels do not decrease greatly (Jorfeldt and Wahren, 1970) and 
do not reach critical levels during submaximal work (Keul et al., 1967). 
Jorfeldt and Wahren (1970) and Keul et al. (1967) have suggested that 
lactate is not produced in response to a failure of the oxygen supply 
at all, but in response to a greater rate of pyruvate production than 
can be oxidised by the TCA cycle. Dieterle et al. (1971) and Spitzer 
(1971) suggested that the increased lactate levels during exercise 
function to increase the supply of substrates during exercise by 
affecting the release of glycerol and the uptake of free fatty acids 
by the heart and muscles. 
The rapid turnover of lactate in muscles, and its oxidation 
rather than synthesis to glycogen during recovery, are inconsistent 
with the concept of an oxygen debt as originally conceived. This 
raises the possibility that the relationship between oxygen debt and 
lactate may be to a large extent coincidental. The deductions which 
can be drawn from measurements of the excess oxygen consumed by mammals 
during recovery from hypoxia or exercise are, therefore, very limited 
without additional supporting evidence. 
8.4.3 Oxygen Debt and Lactate Metabolism in Fish 
There has been very little work on the lactate metabolism in 
fish and its relationship with the oxygen deficit and oxygen debt 
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associated with hypoxia and anoxia. No detailed study has been carried 
out to estimate the contribution of "alactacid'' components, and the 
change in metabolic rate during hypoxia and recovery, on the excess 
oxygen consumption of fish. The existing evidence suggests that 
lactate metabolism in fish is basically similar to that which occurs in 
mammalian tissues (Dando, 1969; ). The lactate which 
accumulates in the tissues and plasma of fish during exercise and 
hypoxia is, however, removed very slowly. The tissue lactate levels 
of SaZmo gairdneri do not return to pre-exercise levels until after 
24 hours recovery (Hammond and Hickman, 1966). Similarly, Heath and 
Pritchard (1965) showed that the blood lactate concentrations of 
bluegill (Lepomis macrochirus) and cutthroat trout (saZmo cZarki) 
produced by severe hypoxia, did not return to pre-hypoxic concentrations 
until after 3 and 5 hours respectively. There was little 
correspondence between the time course of the return of the oxygen 
consumption of the fish, and the blood lactate concentrations, to 
pre-hypoxic levels. The oxygen consumption of both species remained 
elevated for between 8 and 10 hours. These results led Heath and 
Pritchard (1965) to conclude that "the relationship between lactate 
removal and excess oxygen consumption following stress is probably 
coincidental rather than causal". The major fate of the lactate 
produced during hypoxia or exercise appears to be oxidation rather than 
gluconeogenesis (Black, Manning and Hayashi, 1966; Beamish, 1967). 
Black, Manning and Hayashi (1966) and Black, Robertson and Parker (1961) 
found that there was little correspondence between the time courses of 
the decline in the lactate levels of the blood during recovery of 
s. gairdneri and the replenishment of the glycogen levels of the liver 
or muscles. They inferred that part of the lactate was oxidised. 
Bilinski and Jonas (1972) found thats. gairdneri have a high capacity 
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for lactate oxidation in liver and gill tissues, but very low capacity in 
white muscle tissues, again suggesting that a substantial portion of the 
lactate produced during hypoxia may be oxidised. Dando (1969) suggested 
that little of the lactate produced by cod (Ga.dus caZZarius), plaice 
(PZeur>onectes pZatessa) and bass (Morone Zabrax) was taken up by the 
liver, and that most of the lactate produced by the white muscles was 
probably oxidised by the white muscles themselves, the red muscles, the 
heart and nervous tissues. Wittenberger and Diaciuc (1965) suggested 
that the red muscle tissues play a major role in oxidising the lactate 
formed in the adjacent white muscles of the carp. Hunn (1969) found an 
increase in the levels of lactate in ·the urine of s. gairdneri following 
hypoxia suggesting that some of the lactate produced was excreted. 
There is, therefore, no clear understanding of the fate of lactate 
produced during hypoxia (Dando, 1969) and its relationship with the 
excess oxygen consumed during a subsequent recovery period. 
In general the elevation of the oxygen consumption of fish 
during recovery from hypoxia is relatively small, but the oxygen 
consumption remains elevated for long periods. In view of the large 
proportion of a fish's oxygen consumption which can be attributed to the 
costs of its ventilation and physical activity (see Chapter 7), it is 
possible that changes in these activities may affect the base-line 
metabolic rate of the fish during recovery. A substantial proportion 
of the fish's excess oxygen consumption during recovery may, for example, 
be due to an increase in its ventilation. My results for c. aur>atus 
showed that the ventilation volume and frequency at s0c were initially 
elevated above the pre-anoxic levels in the recovery period. The 
ventilation volume remained slightly elevated during a 7 hour recovery 
period. At 1a0c the ventilation volume remained at a reduced level during 
an 8 hour recovery period. While the costs of the ventilation cannot 
be inferred directly from this information itself, it is suggestive 
of the possible contribution of ventilation activity to the oxygen 
consumption of the fish during recovery. 
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I have also showed that c. auratus substantially reduces its 
metabolic rate during anoxia. This is contrary to one of the fundamental 
assumptions of the concept of an oxygen debt repayment. It is 
conceivable that the fish's metabolic rate during recovery may also 
be reduced, through a decline in its activity, or through the effects 
of the accumulation of lactate, or through other effects of prolonged 
anoxia on the rate of recovery. If this occurs the fish may repay an 
oxygen debt, without its oxygen consumption being elevated above the 
pre-anoxic level. Alternatively, the oxygen debt repaid may be 
considerably larger than suggested by the amount of oxygen consumed 
during recovery. 
8.4.4 Conclusion 
The concept of an oxygen debt, originally conceived to 
explain the excess oxygen consumption of mammals during recovery from 
exercise has been challenged by the discovery of several inconsistencies. 
There is often little association between the removal of lactate from 
the tissues of mammals and the excess oxygen consumed during recovery. 
Indeed, there are many components of the excess oxygen consumption 
which are independent of the lactate metabolism and not considered to 
be· part of even the so-called 11 alactacid 11 component of the oxygen debt. 
The removal of lactate often occurs by pathways which do not require 
an excess oxygen consumption during recovery. 
There is very little known of the oxygen debt and lactate 
metabolism in fish. The excess oxygen consumption of many species 
of fish is only slightly elevated above the pre-hypoxic level. 
Therefore, the contribution of the 11 alactacid 11 components of the 
oxygen debt, and of changes in metabolic rate, to the oxygen 
consumption of fish during recovery, are likely to be relatively 
greater than they are in mammals. The work of Heath and Pritchard 
(1965) suggests that there is little association between the fall 
in the oxygen consumption and the lactate levels, to pre-anoxic 
levels, during recovery. Little can therefore be deduced from 
either the presence or the absence of an excess oxygen consumption 
of fish during recovery as regards the nature of th~ anaerobic 
metabolism, or indeed, whether an oxygen debt is repaid. 
Blazka (1958) inferred from his failure to demonstrate 
an excess oxygen consumption of c. carassius during recovery, that 
it does not repay an oxygen debt, and that either it does not 
produce lactate, or that the lactate that is produced is excreted. 
I have clearly shown that c. aux>atus, a closely related species, 
does have an excess oxygen consumption during recovery, which 
suggests that Blazka's conclusions should be questioned until they 
are confirmed. 
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Chapter 9. 
Anaerobic Metabolism 
9.1 Introduction 
The experiments described in this Chapter are of a somewhat 
preliminary nature. In the time available, I was only able to determine 
whether lactate accumulates in the tissues of c. auratus during anoxia, 
and to determine the 11 energetic state" of the liver and brain of 
c. auratus before and after anoxia, by measuring the concentrations of 
the adenylate nucleotides and the so-called 11adenylate energy charge 11 • 
I also sought to determine whether any acid metabolite is eliminated 
from the fish during anoxia. The results presented and the discussion 
at the end of the Chapter suggest several hypotheses and approaches for 
the much needed study of the anaerobic metabolism of Carassius sp. 
9.2 Procedures 
9.2.1 Determination of the Adenylate Nucleotides and Lactate 
Concentrations Before and After Anoxia 
9.2.1.1 Experimental Details 
All experiments at 1a0c and s0c were conducted during 
November. Two groups of 16 fish, which had been acclimated to 18°C 
and s0c respectively, were selected. Four separate experiments were 
conducted at each temperature. A single fish was placed into each of 
the 2.5 l chambers of apparatus A. Eight fish at each temperature were 
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killed immediately after 24 hours acclimation to the chambers. The 
remaining eight fish at each temperature were similarly acclimated to 
the chambers. They were killed after an additional period of 8 hours 
anoxia at 18°C and 15 hours anoxia at s0 c. A flow rate of 3 l h-l was 
used throughout the acclimation and anoxic periods. A more rapid flow 
of 5 l h-l was used to rapidly reduce the oxygen concentrations within 
the chambers. All fish, regardless of their treatment, were killed 
between 0800 and 1100 hours. The groups of fish acclimated at 18°C 
and killed before and after anoxia, had mean wet weights of 61 g 
(range 50 to 83 g) and 64 g (range 60 to 82 g) respectively. Those 
acclimated at s0 c and killed before and after anoxia, had mean wet 
weights of 86 g (range 55 to 115 g) and 74 g (range 50 to 115 g) 
respectively. 
9.2.1.2~ Tissue Sampling and Fractionation 
The primary object in sampling was to remove the tissues as 
quickly as possible and to ensure that the cells were frozen quickly 
to prevent any post-mortem change in the level of intermediates. 
A slow rate of freezing of the tissues can lead to quite substantial 
changes in intermediates, even at quite low temperatures. Nowlan and 
Dyer (1974) reported that the rates of glycolysis and the breakdown 
of adenylate nucleotides and CP in prerigor muscle tissue of cod 
(Gadus morhua) were greatest at temperatures between -1°c and -4°C. 
Similar findings have been reported for other species of fish 
(Sharp, 1935; Partmann, 1963; Nowlan and Dyer, 1969). It was essential 
not only to quickly remove the tissues from the fish, but to ensure 
that there was a rapid reduction in temperature of all the tissues 
through this critical zone. The tissues were partially dissected, 
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cut into small pieces and placed into liquid nitrogen, within 30 seconds 
of killing the fish. The order of removal of the tissues was kept 
constant; the liver tissues were frozen first, then the white and red 
muscles, and finally the brain. 
The individual fish were removed from the chamber and killed 
by a blow on the head. The whole intestine was removed and partially 
unravelled, before placing it in liquid nitrogen. The diffuse liver 
tissue was separated from the intestine and other tissues after the 
entire mass was frozen. A piece of white muscle tissue about 2 cm long 
was dissected from the fish about midway along the length of the body 
above the lateral line. The red muscle tissue, immediately beneath 
the lateral line was dissected from the underlying white muscle tissue 
and was placed in liquid nitrogen. The skin was removed after freezing 
the tissue. It was not possible to remove completely the white muscle 
tissue, so that the red muscle samples contained small amounts of white 
muscle. The brains of the fish at s0c were also removed and placed 
in liquid nitrogen.· A11 tissues were kept immersed in liquid nitrogen 
until further treatment. Each of the tissue samples was then weighed. 
There was between 0.5 and 1 g of each tissue except brain. The pooled 
brains of 4 fish were used, which amounted to about 0.6 g. The tissues 
were ground to a fine powder in a stainless-steel pulverizer shaped 
like an homogenizer. During the grinding the stainless-steel tube 
always contained liquid nitrogen. The ground tissues were then 
transferred to a previously weighed beaker, containing sufficient 
perchloric acid (6% w/v) to give a final concentration of 2 ml of 
perchloric acid to one gramme of tissue. The solutions, frozen by the 
addition of liquid nitrogen with the powdered samples, were thawed in 
an ice bath, mixing frequently to ensure thorough penetration of the 
perchloric acid. The beakers and their contents were then weighed to 
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determine the wet weight of the tissue. The solutions were homogenized 
at 4°C with an all-glass homogenizer. The pH of each of the solutions 
was then adjusted to about 6.5, using methyl orange as an indicator, 
and adding small aliquots of 5 N KOH. The solution was then 
centrifuged at 10,000 g for 15 minutes at 4°C using a Beckman L2-65B 
ultracentrifuge to remove the protein and potassium chlorate 
precipitates. The supernatant was collected and its volume measured. 
The supernatants from all the tissues and fish were stored in glass 
vials at -4o0c until assayed later on the same day. 
9.2.1.3 Intermediate Assays 
The concentrations of lactate, ATP, ADP and AMP in a measured 
volume of the supernatant fraction, were determined using the enzymatic 
methods of Hohorst, Lamprecht and Trautschold, and Adam, respectively, 
as outlined in Bergemeyer (1963, pp. 266, 543 and 573). The assays were 
performed at room temperature at a wavelength of 340 nm with a Gilford 
2400 recording spectrophotometer using a light path of 1 cm. All the 
results were expressed as µ moles of substrate per gramme wet weight 
of tissue. 
9.2.2 Determination of the Hydrogen Ion Production 
The hydrogen ion production of c. auratus before and during 
anoxia was measured at both 18°C and 5°c. Groups of 3 or 4 fish were 
placed into each of the 3.5 1 chambers of apparatus A. The fish were 
acclimated to the chambers for 24 hours. Water samples were then 
collected from the outlets of each of the chambers and from the inlet 
blank tube at one hour intervals. The pH of the water samples was then 
determined accurately using an E.I.L. Vibron Electrometer. The inlet 
water samples were carefully titrated with small aliquots of 
0.100 N H2so4 to a similar pH to that of the outlet water samples. 
Knowing the wet weight of the fish, the rate of water flow through 
each of the chambers and the volume of the water samples collected, 
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the fish's production of hydrogen equivalents (that is 1.008 g of 
replaceable hydrogen) was calculated and expressed as the number of 
hydrogen ion equivalents produced per hour, per gramme wet weight of 
the fish. The results are presented in Figures 77 and 78 whose legends 
contain the specific experimental details. 
9.3 Results 
9.3.1 Lactate 
At rn°c there was an increase in the mean lactate 
concentration in liver and red and white muscle tissues, but there 
was a large variation among the samples and the differences in muscle 
tissues were not significant (Table 15). 
At 5°c the lactate levels under aerobic conditions were 
generally smaller than those at 18°c. However, the difference in 
lactate concentrations in all tissues in response to anoxia were far 
greater (Table 15). At 5°c the lactate concentrations in liver 
increased 4 times (Table 15). There was also a substantial increase 
in the lactate concentration in the brain. 
It should be recalled that the red muscle samples were 
contaminated with small amounts of white muscle tissue, and all the 
tissues were bathed with blood which contained an unknown 
concentration of lactate. 
9.3.2 Hydrogen Ion Equivalent Production 
The production of hydrogen ion equivalents by c. auratus 
was maintained at levels similar to that under aerobic conditions 
at 18°c and s0c (Figures 77 and 78). 
9.3.3 Adenylate Nucleotides 
At both 18°C and s0c there were very substantial reductions 
in the ATP concentration, the ATP/ADP ratio and the adenylate energy 
charge in liver tissues, in response to anoxia (Tables 16 and 17). 
I 
At 18°C the ATP/ADP ratio declined to only 10% of its aerobic value 
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and the adenylate energy charge fell from O.S9 to 0.23. At s0 c the 
ATP/ADP ratio fell to only about 20% of its aerobic value and the 
energy charge fell from 0.78 to 0.43. c. auratus was therefore able 
to maintain its energy levels in liver tissue to a relatively greater 
extent at s0c than at 18°C. At 18°C the decline in ATP concentrations 
was accompanied by a substantial rise in AMP concentrations, with 
little change in ADP concentration. At s0c the concentrations of 
ADP and AMP increased 2 and 3 times, respectively. 
At s0c the adenylate nucleotides in the brain were also 
measured (Table 18). The results were obtained with pooled samples 
and so the significance of the changes produced by anoxia cannot be 
assessed. Nevertheless, the results presented suggest that there was 
far less change in the adenylate energy charge and ATP/ADP ratio in 
brain than in liver. The concentrations of ADP and AMP remained 
essentially the same in response to anoxia while the ATP concentration 
declined by about 40%. The adenylate energy charge fell from 0.73 
to 0.68. 

Figure 77 
The production of hydrogen ion equivalents by c. au:ratus before and during a period of anoxia 
at 1s0c. The fish used had a mean wet weight of 27 g. The results presented were collected from a 
series of five separate experiments. The fish were acclimated to the chambers in apparatus A for 24 
hours with a flow rate of aerated water of 3 1 h-1. A series of water samples was collected from the 
chamber outlets and the inlet blank tube, each hour between 0800 and 1200 hours. The production of 
hydrogen ion equivalents by the fish was determined by titrating the inlet blank water samples with 
0.100 N H2so4 until its pH was identical with that of the water samples collected from the chamber 
outlets. The results are presented as the mean± one standard error, with a sample size of 8. The 
flow of deoxygenated water was begun at 1200 hours at an initial flow rate of 5 1 h-1. After 1.5 
hours the water in the chambers was anoxic and the flow was reduced to 3 1 h-1. The hydrogen ion 
equivalent production of the fish during anoxia was calculated in a similar way to that described. 
The mean oxygen concentration within the chambers during anoxia was 0.0076 mg o2 1-
1
. The mean pH 
of the water in the chamber before anoxia was 6.9, and during anoxia was 7.6. 
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Figure 78 
The production of hydrogen ion equivalents by c. auratus before and during a period of anoxia 
at s0c. The fish used had a mean wet weight of 36 g. The results presented were collected from a 
series of five separate experiments. The fish were acclimated to the chambers of apparatus A for 24 
hours with a flow of aerated water of 1.5 1 h-1. A series of water samples was collected from the 
chamber outlets and the inlet blank tube each hour between 0800 and 1200 hours. The production of 
hydrogen ion equivalents by the fish was determined by titrating the inlet blank water samples with 
0.100 N H2so4 till its pH was identical with that of the water samples collected from the chamber 
outlets. The collected results were presented as the mean and standard error with a sample size of 6. 
The flow of deoxygenated water was begun at 1200 hours at an initial flow rate of 5 1 h-1. After 1.5 
hours the water in the chambers was anoxic and the flow rate was then reduced to 3 1 h-1. The hydrogen 
ion equivalent production of the fish during anoxia was calculated in a similar way to that described. 
The mean oxyg.en concentration within the chambers during anoxia was 0.006 mg o2 1-
1
• The mean pH of the 
water in the chambers before anoxia was 6.9 and during anoxia was 7.7. 
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Table 15 
18°C 
5°c 
Concentration of Lactate in Several Tissues of c. auratus 
Before and After Anoxia at 18°C and 5°c 
TISSUE 
Liver 
Red Muscle 
White Musel e 
Liver 
·Red Muscle 
White Muscle 
Brain # 
AEROBIC * 
(µ mole g-1) 
1.46 ± 0.89 
2.37 ± 0.98 
2.98 ± 1.60 
0.18 ± 0.12 
1.12 ± 0.32 
0.55 ± 0.24 
0.15 
ANAEROBIC * 
(µ mole g-l) 
2.98 ± 1.30 
3.37 ± 0.98 
4. 37 ± 1.40 
3. 58 ± 1.40 
4.45 ± ·1.40 
2.49 ± 0.96 
3.48 
0.001< P<0.01 
N.S. 
N.S. 
P< 0.001 
P<0.001 
P< 0.001 
Student's t-test used to determine the significance of the 
difference between the means. 
* mean± one standard error (n = 8). 
# Pooled samples from brains of 4 fish. 
N.S. Not significant (P>0.05). 
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Table 16 
Concentration of Adenylates in the Liver of c. auratus 
Before and After Anoxia at 18°C 
ADE NY LATE 
NUCLEOTIDE 
ATP 
ADP 
AMP 
ATP 
ADP 
ATP + 0.5ADP 
ATP + ADP + AMP 
AEROBIC * 
(µ mole g-l) 
0.39 
(0.20 - 0.60) 
0.44 
(0.28 - 0.50) 
0.20 
(0.15 - 0.29) 
0.98 
( 0 .40 - 1. 64) 
0.59 
(0.49 - 0.68) 
ANAEROBIC * 
(µ mole g-1) 
0.05 
(0.01 - 0.09) 
0.43 
(0.15 - 0.29) 
0.66 
(0.43 - 0.81) 
0.11 
(0.05 - 0.18) 
0.23 
(0.18 - 0.27) 
0.002< P< 0.01 
N.S. 
0.002< P< 0.01 
P< 0.001 
P< 0.001 
Student's t-test used to determine the significance of the 
difference between the means. 
* mean of four fish 
(range) 
N.S. Not significant (P>0.05). 
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Table 17 
Concentration of Adenylates in the Liver of c. auratus 
Before and After Anoxia at 5°c 
ADENYLATE 
NUCLEOTIDE 
ATP 
ADP 
AMP 
ATP 
ADP 
ATP + 0.5ADP 
ATP + ADP + AMP 
AEROBIC * 
(}J mo l e g - l ) 
0.60 
(0.54 - 0.72) 
0.22 
(0.16 - 0.31) 
0.10 
(0.07 - 0.13) 
2.86 
(1.72 - 3.33) 
0.78 
(0.71 - 0.80) 
ANAEROBIC * 
(µ mole g-1) 
0.22 
(0.17 - 0.28) 
0.43 
(0.36 - 0.48) 
0.36 
(0.28 - 0.42) 
0.53 
(0.35 - 0.70) 
0.43 
(0.40 - 0.50) 
P< 0.001 
P< 0 .001 
P< 0.001 
P< 0.001 
P< 0 .001 
Student's t-test used to determine the significance of the 
difference between the means. 
* mean of four fish 
(range) 
N.S. Not significant (P> 0.05). 
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Table 18 
Concentration of Adenylates in the Brain of c. aur>atus 
Before and After Anoxia at s0c 
ADENYLATE 
NUCLEOTIDE 
ATP 
ADP 
AMP 
ATP 
ADP 
ATP + 0.5ADP 
ATP + ADP + AMP 
AEROBIC * 
(fl mole g-l) 
0.61 
0.33 
0.12 
1.85 
0.73 
ANAEROBIC * 
(f-1 mo l e g - l ) 
0.43 
0.31 
0.12 
1.40 
0.68 
* Single estimates from pooled brains of 4 fish. 
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9.4 Discussion 
There was·a significant increase in the lactate concentrations 
in liver at 18°c, and in liver, red and white muscle tissues and brain 
at 5°C. The increase in the mean lactate concentrations in the muscle 
tissues at 18°C was not significant. Hence there is evidence that 
lactate is produced by c. auratus during anoxia although the amounts 
which accumulated, particularly at 18°C, were small in relation to the 
lengths of anoxia employed {8 hours at 18°C and 15 hours at s0c). 
This suggests that either little lactate is produced, or that the 
lactate being produced is excreted or accumulated in some other tissues. 
A study of the time course of the accumulation of lactate throughout 
a period of anoxia would show whether lactate is produced continuously 
and this would indicate the relative importance of lactate production 
during anoxia. 
My results witll c. auJ.?atus are contrary to those which 
Blazka (1958) obtained with the closely related species, c. carassius. 
In the same study, Blazka claimed that no significant amounts of lactate 
accumulated in brown trout (Salmo trutta) (tissue not specified} during 
hypoxia. Contrary results to these were obtained by Burton and Spehar 
(1971}. They found that both brown trout and rainbow trout (Salmo 
gairdneri) accumulated lactate in muscle tissues during hypoxia at both 
15°c and 5°C. Blazka's estimates for the changes in lactate concentration 
in c. carassius were based on means calculated from only 3 samples. 
Although the mean lactate concentration after anoxia was greater than 
that before anoxia, he claimed that the difference was not significant. 
The finding of an accumulation of lactate in liver of 
c. auratus at both experimental temperatures supports the claim that 
lactate is produced by all species of fish in response to hypoxia or 
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strenuous exercise (Dando, 1969; Burton and Spehar, 1971). More work 
is required to establish whether other endproducts of anaerobic 
metabolism are produced. Even at the reduced metabolic rate of 
c. auratus the concentrations of lactate in liver, particularly at 
1a0c, are much less than expected if glycolysis is the only anaerobic 
source of energy and if all the lactate produced in liver is accumulated 
in the same tissue. 
The release of acidic substances during anoxia at 1a0c and s0c 
suggests that either lactate or some other endproduct such as carbon 
dioxide is released during anoxia. The amounts of hydrogen ions 
produced are equivalent to that produced under aerobic conditions in 
spite of the substantial reduction in the metabolic rate of c. auratus 
during anoxia. Some of the release of hydrogen ion equivalents can be 
attributed to the change in pH within the chamber under anaerobic 
conditions. Further work is required to establish the relative 
contribution of this, and the nature of the acidic substances released 
during anoxia. 
Anaerobic production of carbon dioxide during anoxia occurs 
in c. auratus and a number of other species of fish. Kutty (1968) 
showed that both C. auratus and s. gairdneri produced substantial 
amounts of carbon dioxide during anoxia in excess of that attributed 
to their respiration. The respiratory quotients of both species 
increased substantially at low dissolved oxygen concentrations. 
Kutty (1972) showed that TiZapia mossambica also produced both carbon 
dioxide and ammonia during hypoxia, producing an increase in both the 
respiratory and ammonia quotient. The production of carbon dioxide 
during anaxia is not restricted to fish. Both Johlin and Moreland (1933) 
and Rabin et aZ. (1964) showed that substantial amounts of carbon 
dioxide were produced by turtles during anoxia. Only small proportions 
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of the carbon dioxide produced could be attributed to the release from 
bicarbonate to buffer the acidosis associated with anoxia. While part 
of the carbon dioxide released from c. auratus may also be derived in 
a similar way, it is clear that it produces substantial amounts of 
metabolic carbon dioxide during anoxia (Hochachka and Somero, 1973). 
The origin of the metabolic carbon dioxide and possibly other acid 
metabolites eliminated by c. auratus during anoxia remains to be 
elucidated. In this context, Congleton (1974) demonstrated that 
TyphZogobius caZiforniensis excretes some non-volatile acid product 
during hypoxia. 
Hochachka and Somero (1973) suggested that c. auratus may 
possess similar anaerobic metabolic pathways to those found in 
helminths and molluscs, which also produce carbon dioxide anaerobically. 
If so, the release of carbon dioxide would be associated with the 
production of, and perhaps the elimination of, other acidic endproducts 
such as succinate or acetate. These pathways involve the metabolism 
of amino acids as well as glycolysis. Recently it has been shown that 
small amounts of succinate (as compared with lactate) are produced in 
diving vertebrates (Hochachka et aZ., 1975), in man (Hochachka and 
Dressendorfer, 1973) and in freshwater turtles (Penny, 1974). 
A detailed study is required to determine whether similar anaerobic 
metabolic pathways exist in fish, and to establish the importance of 
such metabolism to the resistance of c. auratus, particularly in 
relation to the effects of temperature acclimation and season, on 
anaerobic resistance. 
However, irrespective of what anaerobic metabolic pathways 
c. auratus has, the results of the determination of the ATP/ADP and 
adenylate energy charge show that ATP production is inadequate in 
maintaining the energy levels of the liver and presumably other tissues. 
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Under aerobic conditions the adenylate energy charges in liver at 1a0c 
(0.59) and at s0c (0.78) are comparable with those found in a wide 
variety of other vertebrate and invertebrate cells (Chapman, Fall and 
Atkinson, 1971). The adenylate energy charges under anaerobic 
conditions are, however, very small indeed (0.23 at 1a0c and 0.43 at s0c). 
The significance of the prolonged survival of c. auratus under anoxic 
conditions, and its resistance to a drop in adenylate energy charge 
of its liver tissues, is emphasised by the fact that a decline of 
adenylate energy charge below a value of 0.5 in the brains of rats 
(Ridge, 1972) and in Esaherisahia aoZi (Chapman, Fall and Atkinson, 
1971) is lethal to these animals. Similar low adenylate energy charges 
have been found in mamnalian tissues under anaerobic conditions or when 
oxidative phosphorylation is inhibited (Chapman, Fall and Atkinson, 
1971) and in seeds and bacterial spores (Chapman, Fall and Atkinson, 
1971). The decline in the energy charge in liver of c. auratus during 
anoxia, is in direct contrast with the response of the facultative 
anaerobes to anaerobic conditions. They have very similar adenylate 
energy charges under aerobic and anaerobic conditions. 
The decline in the adenylate energy charge in the liver of 
c. auratus occurs in spite of the 70-80% reduction in its metabolic rate 
during anoxia. The response of c. auratus to anoxia would, therefore, 
appear to be fundamentally different to that of the facultative 
anaerobes whose metabolic rate presumably does not vary. The very 
little data I obtained with respect to the adenylate energy charge of 
c. auratus brain tissue at s0c, would suggest that c. auratus is able 
to maintain its energy levels in the brain and perhaps other nervous. 
tissue during anoxia. While there is insufficient data to draw any 
definite conclusions, it may be very significant, for the brain of many 
other animals is most sensitive to anoxia (Cohen, 1973). It will be 
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recalled that diving vertebrates are able to maintain the functioning 
of the brain by conserving stored oxygen for its use. The brains of 
diving vertebrates also have greater capacities for anaerobic metabolism 
than other vertebrates (see 1.2). There does not appear to be any 
significant storage of oxygen inc. auratus (Chapter 6), however, the 
maintenance of the adenylate energy charge and ATP/ADP ratios in the 
brain would suggest that its brain and other nervous tissues are ably 
supported by anaerobic metabolism. The substantial accumulation of 
lactate in the brain of c. auratus is relevant in this regard. This 
may be the primary adaptation that allows the prolon~ed resistance of 
C. auratus. 
I suggested earlier (see 1.2) that the substantial decline in 
energy charge and energy levels in tissues may be responsible for the 
observed decline in the metabolic rate of c. auratus. The use of the 
concept of an adenylate energy charge to explain a change in metabolic 
rate is perhaps questionable because it assumes that the availability 
of ATP plays a dominant role in regulating metabolism. The concept of 
an adenylate energy charge was originally formulated to describe the 
regulation invoked by maintaining a relatively constant adenylate 
energy charge. Purish and Fromm (1973) have recently criticised the 
use of adenylate energy charge to explain the reduction in the growth 
rate of bacteria, or the failure of brain tissues to recover from an 
experimental anoxia. The concept of the adenylate energy charge and 
its regulation was formulated from the study of enzyme kinetics in vitro, 
and it has not been satisfactorily demonstrated to be of major importance 
in vivo (Purish and Frorrm, 1973). They also pointed out that the 
adenylate· energy charge is a very insensitive parameter and its use 
may obscure very substantial changes in the levels of ATP or the 
ATP/ADP ratio. In addition, they suggested that the concentrations of 
magnesium may be important in determining how an enzyme responds to 
a given change in energy charge or the levels of intermediates. They 
raise the fundamental point that an association between a change in 
the adenylate energy charge and a change in the metabolic rate of 
activity of a tissue does not establish a causal relationship (Purish 
and Fromm, 1973). 
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Similarly, the levels of the adenylate nucleotides represent 
only one of a large number of other possible ways in which metobolism 
can be regulated (Atkinson, 1971). The rates of each of the individual 
reactions which either expend or regenerate ATP equivalents, are 
subject to other controls, such as the concentrations of substrates 
and products and other enzyme modifiers. Indeed, Lowry et aZ. (1971) 
suggested that the maintenance of a stable adenylate energy charge 
serves to place the regulatory systems in a position where they are 
sensitive to changes in the levels of other metabolites. 
The data I have obtained for c. auratus is very limited, 
referring only to liver tissue and brain. Nevertheless, the following 
speculations, regarding the possibility that the change in adenylates 
acts to reduce the metabolic rate of c. auratus, are presented to 
provide hypotheses for future work. 
According to the concept of the adenylate energy charge and 
its role in metabolic regulation (Atkinson, 1971), the rates of ATP 
(or ATP equivalent) expending reactions and ATP (or ATP equivalent) 
regenerating reactions are regulated by the levels of the adenylates 
to maintain a constant adenylate energy charge. Under normal 
circumstances, changes in the ATP expenditure are met by corresponding 
changes in ATP regeneration, increasing or decreasing the metabolic rate 
(turnover of ATP equivalents) with only minor changes in the steady-state 
ATP levels or the adenylate energy charge. An increase in the energy 
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expenditure, for example, will decrease momentarily the adenylate energy 
charge, and so stimulate the regeneration of ATP until the expenditure 
and regeneration are once again in balance. In support of this, Lowry 
et al. (1971) found that the adenylate energy charge of E. coli 
varied little in response to a variation of substrate, although there 
were changes in the total adenylate nucleotide pool and in the ATP/ADP 
ratio. There is also little variation in the energy charge of 
mammalian tissues as a result of starvation, muscle contraction or 
similar stresses (Chapman, Fall and Atkinson, 1971). The changes in the 
energy charge under these circumstances does not exceed 0.1 of an 
energy charge unit. 
It is conceivable that under some circumstances very large 
changes in the adenylate energy charge will occur which will have a 
substantial effect on the metabolic rate of an organ or tissue. If 
for example, the rate of ATP regeneration is greatly reduced, a 
continued ATP expenditure will reduce the adenylate energy charge. 
If the supply pathways are not stimulated by the fall in adenylate 
energy charge, the charge may eventually fall to a level at which the 
expenditure is reduced. As the energy charge is reduced more and more, 
the energy expending reactions will be either 'turned down' or 
'turned off' completely until the supply and expenditure of ATP 
equivalents are in balance at a lower energy charge and a lower 
metabolic rate. In this way, a reduction in the energy supply may 
lead to a reduction in energy charge, and so to a reduction in 
metabolic rate. 
While this remains speculation, there is some support for 
it in the association which has been found between the reduction in 
the energy levels in tissues in response to anoxia, and the observed 
decline in their metabolic rate or in their energy expending activities. 
Saunders, Hale and Miller (1965b) showed that a hypoxia-induced 40% 
reduction in the ATP concentration of rat liver caused a complete 
inhibition of protein synthesis, as measured by the uptake of 
labelled leucine into protein. Mcilwain (1973) postulated that the 
decline in ATP and CP levels in brain tissues during hypoxia fs 
responsible for: (1) the reduction in active cation transport, and 
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so for the collapse of the nerve membrane potentials, (2) the leakage 
of a variety of cell constituents from the cells, and (3) the failure 
of synthesis. The changes in the nerve membrane potentials have been 
correlated with the concomitant changes in ATP concentrations 
(Mcilwain, 1973). 
In Chapter 1 (see 1.2) I previously mentioned that the 
work of Clark and Miller (1973) and Jackson (1968) on the turtle 
(P. scripta eZegans) shows that there is an association between the 
failure of the energy supply, the reduction of the levels of ATP and 
CP in the tissues, and the gradual decline in metabolic rate in these 
animals during anoxia. The metabolic rate, as measured by the heat 
production, declined continuously during the anoxic part of the dive 
from 40% to 15% of the pre-dive level after 4 hours, and remained low 
for a further 3 hours. Assuming that similar changes of metabolic 
rate occurred in the heart, brain and liver, these changes correspond 
with the continuous reduction in the rate of glycolysis, and in the 
concentrations of ATP and CP observed in all tissues (Clark and Miller, 
1973). Incidentally there was no indication that the energy levels in 
the brains of the turtles were maintained, as the limited results 
I obtained would suggest was the case in c. auratus. 
It is likely that similar changes in the level of ATP, 
perhaps in specific tissues, are responsible for the observed reduction 
in the metabolic rate of c. auratus during anoxia. The metabolic rate 
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of c. aUPatus fell quickly when it was exposed to anoxia and recovered 
very quickly. The first step in confirming this suggestion would be to 
establish the time course of the changes in ATP levels in a number of 
different tissues to see whether there is any relationship between 
the time course of the changes in the metabolic rate and the ATP 
concentrations. The rapidity of the changes in metabolic rate are 
not inconsistent with the above mechanism, because it would be 
expected that the mechanisms for generating ATP aerobically, are only 
very slowly affected by the decline in ATP levels. Saunders, Hale and 
Miller (1965a) showed that autolysis caused a very rapid decline 
(within 60 seconds) in the ATP levels in the tissues, but the net 
efficiency of the oxidative phosphorylation (that is, the rate of 
oxygen consumption) was not affected untfl after about 60 minutes. 
It is conceivable that the reduction in metabolic rate 
induced by the fall in energy charge may be specific - that is, that 
some of the less vital functions may be reduced while the important 
functions are retained (Miller, 1965). 
It should be emphasised at this point, that it is not the 
reduction in metabolic rate per se which is important in determining 
the anaerobic resistance of an animal. The reduction in the ATP levels 
and metabolic rate of mannnalian brain tissues are extremely rapid, yet 
they probably contribute little to the anaerobic resistance of mammals. 
The important features of turtles, and probably c. au:r'atus, are their 
capacities to maintain their ATP concentrations and adenylate energy 
charges above critical levels for long periods, and their capacities 
to tolerate the consequences of the decline in ATP levels, adenylate 
energy charge, and metabolic rate during anoxia. The capacity of the 
turtle to supply energy aerobically, considerably prolongs and delays 
the decline in its ATP and CP levels (Clark and Miller, 1973). 
Its brain tissues especially, appear to have a much lower critical 
level of ATP than higher vertebrates. Looking from this point of 
view, the reduction in metabolic rate of c. auPatus may occur as a 
reflex response to anoxia. It may function to reduce the energy 
expenditure of the tissues, and so to allow the ATP levels to 
remain higher for long periods to support vital functions. 
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PERSPECTIVE 
It has been shown in this thesis that c. auratus has a 
limited resistance to experimental anoxia. Nevertheless, its 
anaerobic resistance is remarkable for a vertebrate, particularly 
since its resistance was determined under the most stringent anoxic 
conditions. There is a need for further study of the anaerobic 
resistance of c. auratus using a variety of experimental procedures 
and conditions. These include the effects of acclimation to low 
oxygen concentrations and to a wider range of temperatures, the 
use of more gradual reductions in oxygen concentration, and the 
effects of time of day and season of the year on the anaerobic 
resistance of c. auratus. Similarly the capacity of Ca:t'assius sp. 
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to survive natural oxygen depletions needs to be more precisely 
defined. The restricted results presented in Chapter 4 are interesting 
in this respect. There it was shown that at very low oxygen 
concentrations (0.1-0.2 mg o2 1-
1), the oxygen consumption of 
c. auratus was less than 1% of that in aerated water, yet its 
resistance was twice that to anoxia (0.01 mg o2 1-
1). The mechanisms 
responsible for this increase in resistance need to be investigated. 
The results indicate that c. auratus would be able to make use of any 
oxygen which was available in its immediate environment. 
The ability of c. auratus and presumably other species of 
fish to incur and sustain a substantial reduction in its metabolic rate 
for long periods needs to be investigated further. It has implications 
for the understanding of the concept of a fish's basal or standard 
oxygen consumption, and its relationship with its minimal requirements 
for survival, and the concept of an oxygen debt contraction and 
repayment. For example, if the metabolic rate of c. auratus is 
similarly reduced at low oxygen concentrations, a substantial 
proportion of its reduced energy requirements may be met 
aerobically. In this context it is interesting to consider the 
more general role of the availability of oxygen in the environment, 
and the limitation of the oxygen supply to the tissues, in the 
regulation of the metabolic rate of animals. It has been suggested 
that the basal oxygen requirements of animals under different 
conditions are not constant, but vary in relation to rate of oxygen 
supply to the tissues. 
It also remains to be established whether the reduction 
in the total metabolic rate of fish and other vertebrates, or the 
decline in specific functions such as breathing, ventilation or 
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heart activity, occur as reflexes to, or consequences of, the 
reduction in oxygen concentration. It was suggested in Chapter 9 
that the rapidity of the response of c. auratus and other vertebrates 
to anoxia is not inconsistant with the hypothe~is that the metabolic 
rate is reduced as a consequence of the decline in ATP levels and 
the adenylate energy charge of perhaps specific tissues. 
Perhaps the most notable feature of the changes observed 
in the metabolic rate of c. auratus was how quickly the ventilation 
activity and general metabolic rate was recovered when oxygen was 
gradually reintroduced. It remains to be established not only how 
the tissues can withstand a reduction in energy availability and 
energy expenditure during anoxia, but also how the tissues can recover 
so quickly in spite of the deterioration in the general organisation 
and structure which presumably would occur during anoxia. 
·My limited results suggest that the concentrations of ATP, 
the ATP/ADP ratio and adenylate energy charge of brain tissue may be 
maintained at almost their aerobic levels during anoxia. This suggests 
that the brain may continue to function at its normal rate during 
anoxia. This is important because of the general sensitivity of 
the brain of other vertebrates to anoxia and to a reduction in 
the ATP concentrations and the adenylate energy charge. This work 
needs confirmation. 
Finally there is a need for an extensive study of the 
anaerobic metabolism of Carassius. It has been suggested that the 
anaerobic metabolism of fish is generally similar to that of mammals, 
involving classical glycolysis. Blazka (1958) on the other hand, 
attributed the prolonged survival of Carassius carassius to natural 
oxygen depletion to the anaerobic synthesis of fat. In addition 
Hochachka and Somero (1973) suggested that the anaerobic metabolism 
of Carassius may resemble that present in. the facultati ve anaerobes 
which produce succinate and acetate as well as lactate during anoxia. 
c. auratus and other species of fish, have been shown to produce 
metabolic carbon dioxide, and other acidic endproducts during anoxia, 
which suggests that their anaerobic metabolism may involve such 
pathways. Studies of the metabolism should be conducted with 
fish acclimated to different temperatures, at a number of times 
throughout a calendar year, because the effects of acclimation 
temperature and season on the anaerobic resistance of c. auratus 
are probably due to changes in the nature of the metabolism, as well 
as the metabolic rate under different conditions. 
Whatever the nature of the anaerobic energy metabolism of 
c. auratus, it is clearly inadequate in maintaining the ATP 
concentrations and adenylate energy charge of liver and presumably 
most of the other tissues of c. auratus during anoxia. The decline 
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in ATP concentrations occurs despite the 70% to 80% decline in the 
total metabolic rate of c. auratus during anoxia. It is the capacities 
of the tissues to withstand such a reduction in energy expenditure 
for long periods which is of major importance to the ability of 
c. aUPatus to resist anoxia. These features of the response of 
c. auPatus to anoxia clearly distinguish its survival as a 
resistance phenomenon which resembles that seen in other vertebrates. 
Its response is in contrast with that of the facultative anaerobes 
which have similar aerobic and anaerobic metabolic capacities. 
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Appendix 1 
A Review of the Anaerobic Resistance of Vertebrates 
The review is presented in the form of a table. The data 
presented was chosen to include in the table, if they dealt with the 
resistance of animals to very low oxygen concentrations, and if they 
were obtained under carefully defined and controlled conditions. 
Where possible I have included essential information such as the 
temperature, oxygen concentration, and conditions of the oxygen 
deficiency, as well as the specific weight, length or age of the 
animal under study. Each of these parameters is likely to have 
affected the resistances presented in the table. The parameters have 
been stated in a similar form to that used by the respective authors. 
When any of this information was not av~ilable, I have left a blank 
in the table. 
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The following abbreviations have been used: 
anoxia 
The animal's resistance was determined while it was in an 
anoxic environment produced by displacement of the gaseous 
or dissolved oxygen nitrogen. I have not used this term 
in the strict sense used throughout the rest of this thesis, 
but rather, I have quoted the respective authors. Its 
precise meaning can usually be obtained by referring to the 
oxygen concentration figures presented in the next column. 
asphyxia (aerated H20) 
The animal was asphyxiated in water which had been saturated 
with air before sealing the vessel. 
asphyxia (deoxy. H20) 
The animal was asphyxiated in water which had been deoxygenated 
to some extent before sealing the vessel. 
submerged (aerated H20) 
The animal's resistance to prolonged diving (asphyxiation) was 
measured in water saturated with air. 
submerged (deoxy. H20) 
The animal's resistance to prolonged diving (asphyxiation) was 
measured in water which had been saturated with N2. 
The resistance measurement was made with the animal in an 
atmosphere of nitrogen. No exact measurement of the partial 
pressure of oxygen was given. 
N2 atm. (3% of o2 in air) 
The resistance measurement was made in an atmosphere of 
nitrogen containing only 3% of the oxygen in an equivalent 
volume of air. 
mm Hg 
The partial pressure of oxygen in air or dissolved in water. 
reduced pressure 
The oxygen level was reduced by decreasing the atmospheric 
pressure 
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AMMOCOETE LARVAE 
TEST ANIMAL 
Iahthyomyzon hubbsi 
Iahthyomyzon hUbbsi 
SIZE 
OR AGE 
70-160 mm 
70-160 mm 
TEMP CONDITIONS 
s0 c 
15.5°C 
SURVIVAL TIME 
OXYGEN (MEAN OR MEDIAN) 
1.5-2.5 mm Hg 2160 min 
2.0-4.0 mm Hg 240 min 
REFERENCE 
Potter, Hill & 
Gentleman (1970) 
Potter, Hill & 
Gentleman (1970) 
w 
\.0 
co 
FISH 
TEST ANIMAL 
Sa Zrno gairdneri 
SaZrno gairdneri 
SaZrno gairdneri 
SaZrno gairdneri 
SaZmo gairdneri 
Sa Zrno gairdneri 
Catostorrrus aorrurzersonii 
Moxostoma aureoZum 
Moxostoma aureoZum 
Micropterus doZomieu 
Lepomis cyaneZZus 
PimephaZes notatus 
Hybopsis kentuckiensis 
Hybopsis kentuckiensis 
Notropis cornutus 
SIZE 
OR AGE 
10 cm 
10 cm 
10 cm 
10 cm 
10 cm 
10 cm 
>5 g (8-26 cm) 
3.3 g 
> 5 g (8-26 cm) 
> 5 g (8-26 cm) 
> 5 g (8-26 cm) 
> 5 g (8-26 cm) 
0.9 g 
> 5 g (8-26 cm) 
1.6 g 
TEMP 
10°C 
16°C 
20°C 
12°C 
16°C 
20°C 
3-S°C 
3-5°C 
3-5°C 
3-5°C 
3-5°C 
3-5°C 
3-5°C 
3-5°C 
3-5°C 
CONDITIONS OXYGEN 
anoxia 12% of sat. 
anoxia 15% of sat. 
anoxia 16% of sat. 
anoxia 2% of sat. 
anoxia 2% of sat. 
anoxia 2% of sat. 
anoxia O .1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
anoxia 0.1 ml 1 -1 
SURVIVAL TIME 
(MEAN OR MED IAN) 
200 min 
70 min 
80 min 
6 min 
3 min 
3 min 
350 min 
52.2 min 
100 min 
70 min 
225 min 
89 min 
250 min 
68 min 
104 min 
REFERENCE 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(195 7) 
Downing & Merkens 
(1957) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) w 
Wells (1913) l.O l.O 
FISH CONT'D. 
TEST ANIMAL 
Notropis cornutus 
Ambloplites rupestris 
Ambloplites rupestris 
Ameiurus me las 
Salvelinus fontinalis 
Salvelinus fontinalis 
Salvelinus fontinalis 
Esox Zucius 
SIZE 
OR AGE 
> 5 g (8-26 cm) 
2.0 g 
> 5 g (8-26 cm) 
> 5 g (8-26 cm) 
0.9 g 
. 3.8 g 
12.0 g 
Scardinius erythrophthalmus 
Leuciscus rutilis 
Leuciscus Zeuciscus 11 cm 
Gasterosteus aculeatus 0.8 g 
F>ungitius pungitius 0.6 g 
Clupea harengus yolksac 
Clupea harengus 2-4 weeks 
TEMP CONDITIONS 
3-5°C anoxia 
3-5°C anoxia 
3-5°C anoxia 
3-5°C anoxia 
9°C anoxia 
9°C anoxia 
9°C anoxia 
16°C anoxia 
15°C asphyxia 
(aerated H20) 
15°C asphyxia 
(aerated H20) 
10°C anoxia 
10°C anoxia 
OXYGEN 
0.1 ml 1 -1 
0.1 ml 1 -1 
0.1 ml 1 -1 
0.1 ml 1 -1 
0.4 mg 1 -1 
0.4 mg 1 -1 
0.4 mg 1 -1 
0.5-2.0 mg 1 
0.5-2.0 mg 1 
0.5-2.0 mg 1 
7% of sat. 
1.4 ml 1 -1 
1. 4 ml 1 -1 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
107 min 
125 min 
404 min 
1365 min 
20 min 
25 min 
35 min 
-1 60 min 
-1 60 min 
-1 60 min 
100 min 
43 min 
72 min 
155 min 
345 min 
REFERENCE 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Wells (1913) 
Shepard (1955) 
Shepard (1955) 
Shepard (1955) 
Antonescu (1933) 
Antonescu (1933) 
Antonescu (1933) 
Downing & Merkens 
(1957) 
Lewis, Walkey & 
Dartnall (1972) 
Lewis, Walkey & 
Dartnall (1972) 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) ~ 
0 
0 
FISH CONT'D. 
TEST ANIMAL 
CZupea ha:rengus 
CZupea ha:rengus 
CZupea harengus 
PZeuronectes pZatessa 
PZeuronectes pZatessa 
PZeuronectes pZatessa 
Xiphophorus heZZeri 
Aequidens Zatif ormes 
Rhinichthys oscuZus 
Agosia chrysogaster 
Catostomus cZarki 
Cyprinodon macuZarius 
SIZE 
OR AGE 
5-6 weeks 
8-9 weeks 
larvae 
yolksac 
2-3 weeks 
larvae 
0.9-1.5 g 
2.8 g 
TEMP CONDITIONS 
10°C anoxia 
10°C anoxia 
10°C anoxia 
10°C anoxia 
10°C anoxia 
10°C anoxia 
25°C anoxia 
25°C anoxia 
23-30°C anoxia 
23-30°C anoxia 
23-30°C anoxia 
23-30°C anoxia 
OXYGEN 
1.4 ml 1 -1 
1. 4 ml 1 -1 
1.4 ml 1 -1 
1. 4 ml 1 -1 
1.4 ml 1 -1 
1. 0 ml 1 -1 
1.5 mg 1 -1 
0.25 mg 1 -1 
1.47 mg 1 -1 
1. 04 mg 1 -1 
0.52 mg 1 -1 
0.22 mg 1 -1 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
20 min 
8 min 
48 min 
61 min 
41 min 
40 min 
30 min 
240 min 
84 min 
93 min 
111 min 
133 min 
REFERENCE 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) 
de Silva & Tytler 
(1973) 
Ruhland (1968) 
Ruhland (1968) 
Lowe, Hinds & 
Halpern (1967) 
Lowe, Hinds & 
Halpern (1967) 
Lowe, Hinds & 
Halpern (1967) 
Lowe, Hinds & 
-I=» Halpern (1967) 0 
....... 
FISH CONT'D. 
TES.T ANIMAL 
Coryphopterus nichoZsii 
GiZZichthys mirabiZis 
TyphZogobius caZiforniensis 
FunduZus majaZis 
FunduZus heterocZitus 
RutiZus rutiZus 
RutiZus rutiZus 
RutiZus rutiZus 
RutiZus rutiZus 
SquaZius cephaZus 
Tinca tinca 
Tinca tinca 
SIZE 
OR AGE 
2 g 
2 g 
2 g 
10 cm 
10 cm 
10 cm 
10 cm 
13 cm 
7.5 cm 
7.5 cm 
TEMP CONDITIONS 
15°C asphyxia 
(deoxy. H20) 
15°C asphyxia 
(deoxy. H20) 
15°C asphyxia 
(deoxy. H20) 
anoxia 
anoxia 
10°C anoxia 
12°C anoxia 
16°C anoxia 
20°c anoxia. 
20°c anoxia 
10°C anoxia 
16°C anoxia 
OXYGEN 
3% of sat. 
3% of sat. 
3% of sat. 
3% of sat. 
7% of sat. 
0.1% of sat. 
3% of sat. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
35 min 
540 min 
3000 min 
65 min 
300 min 
200 min 
300 min 
60 min 
50 min 
200 min 
700 min 
700 min 
REFERENCE 
Congleton (1974) 
Congleton (1974) 
Congleton (1974) 
Packard (1905) 
Packard (1905) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) ..r:=:. 0 
N 
FISH CONT'D. 
TEST ANIMAL 
Cyprinus earpio 
Cyprinus earpio 
Cyprinus earpio 
Cyprinus earpio 
Ameiurus me Zas 
Ameiurus me Zas 
HeZioperea maeroehira 
Apomotis eyaneZZus 
Perea fZaveseens 
Perea fZaveseens 
Perea fZuviatiZis 
Perea fZuviatiZis 
SIZE 
OR AGE 
8.1 cm 
8.1 cm 
8.1 cm 
8.1 cm 
7.5-12.5 cm 
7.5-12.5 cm 
7.5-12.5 cm 
7.5-12.5 cm 
7.5-12.5 cm 
10 cm 
TEMP CONDITIONS 
l0°C anoxia 
12°c anoxia 
16°C· anoxia 
20°C anoxia 
23°C anoxia 
(Summer) 
<4°C anoxia 
(Winter) 
<4°C anoxia 
(Winter) 
< 4°C anoxia 
15°C anoxia 
< 4°C anoxia 
anoxia 
10°C anoxia 
OXYGEN 
3% of sat. 
3% of sat. 
3% of sat. 
3% of sat. 
1. 5 mg 1 -1 
0. 6-1. 0 mg 1 -1 
0.0 mg 1 -1 
0. 6-1.0 mg 1 -1 
0.07 mg 1 -1 
0.0 mg 1 -1 
0.5-2.0 mg 1 -1 
4% of sat. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
500 min 
300 min 
200 min 
200 min 
60 min 
< 1440 min 
120 min 
4500 min 
120 min 
120 min 
< 60 min 
100 min 
REFERENCE 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Moore (1942) 
Moore (1942) 
Moore (1942) 
Moore (1942) 
Pearse & Achtenberg 
(1920) 
Moore (1942) 
Antonescu (1933) 
Downing & Merkens 
(1957) 
~ 
0 
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FISH CONT'D. 
TEST ANIMAL 
Perea fZuviatiZis 
Pe~ea fZuviatiZis 
Perea fZuviatiZis 
Carassius auratus 
Carassius auratus 
Carassius earassius 
Carassius earassius 
Carassius earassius 
Carassius earassius 
Rasbora danieonius 
SIZE 
OR AGE 
10 cm 
10 cm 
10 cm 
2-10 g 
8.6 g 
5 g 
(2 only) 
TEMP CONDITIONS 
12°c anoxia 
16°C anoxia 
20°c anoxia 
25°C anoxia 
23°C anoxia 
natural anoxia 
(under ice) 
s0 c anoxia 
(Summer) 
15-20°C anoxia 
(Summer) 
15-20°c anoxia 
(Autumn) 
31°C asphyxia 
(aerated H20) 
OXYGEN 
3% of sat. 
3% of sat. 
3% of sat. 
0.7-0.8 mg 1 -1 
low 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
30 min 
20 min 
15 min 
40 min 
40 min 
5.5 months 
2 months 
120-180 min 
2000 min 
81 & 102 days 
REFERENCE 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Downing & Merkens 
(1957) 
Ruhland (1968) 
Lewis (1970) 
Blazka (1958) 
Blazka (1958) 
Blazka (1958) 
Blazka (1958) 
Mathur (1967) 
..;::. 
0 
..;::. 
AMPHIBIANS 
TEST ANIMAL 
SALAMANDERS 
Amphiwna means 
Amphiwna means 
FROGS 
Rana pipiens 
Rana pipiens 
Rana pipiens 
Rana pipiens 
Rana pipiens 
Rana pipiens 
SIZE 
OR AGE 
26 cm 
25-150 g 
TEMP 
22°C 
4-S°C 
2s0 c 
25°C 
s
0 c 
l0°C 
15°C 
CONDITIONS 
anoxia 
anoxia 
(Winter) 
submerged 
(de.oxy. H20) 
anoxia 
(Sununer) 
anoxia 
(Autumn) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
780 min 
360 min 
>120 hours 
<30 min 
>120 min 
60 hours 
40 hours 
720 min 
REFERENCE 
Rose et al. (1965) 
Rose, Zambernard & 
Pogany (1965) 
Christiansen & 
Penney (1973) 
Rose & Drotman 
(1967) 
Rose & Drotman 
(1967) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) ~ 0 
<J1 
AMPHIBIANS CONT'D. 
TEST ANIMAL 
FROGS CONT'D. 
Rana. pipiens 
Rana pipiens 
Rana. pipiens 
Buf o terrestris 
Bufo terristris 
Bufo terrestris 
Bufo valliceps 
Buf o woodhousei 
SIZE 
OR AGE 
50 g 
so g 
TEMP 
20°c 
2s0 c 
30°C 
10°C 
15°C 
2s0 c 
22°c 
22°c 
CONDITIONS OXYGEN 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
submerged 
(aerated H20) 
anoxia N2 atm. 
anoxia N2 atm. 
SURVIVAL TIME 
(MEAN OR MED IAN) 
450 min 
250 min 
48 min 
16 hours 
4 min 
2 min 
8.4 min 
5.9 min 
REFERENCE 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Hutchison & Dady 
(1964) 
Guttman (1974) 
Guttman (1974) 
..i::. 
0 
O'l 
REPTILES 
TEST ANIMAL 
LIZARDS 
Iguana iguana 
Iguana iguana 
HoZbrookia macuZata 
HoZbrookia mcicuZata 
HoZbrookia macuZata 
HoZbrookia macuZata 
HoZbrookia macuZata 
HoZbrookia macuZata 
HoZbrookia macuZata 
SIZE 
OR AGE 
369-1220 g 
369-1220 g 
TEMP CONDITIONS 
25-26°C voluntary dive 
25-26°C forced dive 
s
0 c anoxia 
10°C anoxia 
15°C anoxia 
20°C anoxia 
2s0c anoxia 
30°C anoxia 
45°C anoxia 
SURVIVAL TIME 
OXYGEN (MFAN OR MEDIAN) 
(max) 82 min 
270 min 
N2 atm. 1560 min 
( <0.01% 02) 
N2 atm. 1440 min 
( <0.01% 02) 
N2 atm. 540 min 
(<0.01% 02) 
N2 atm. 300 min 
(<0.01% 02) 
N2 atm. 60 min 
(<0.01% 02) 
N2 atm. 15 min 
( <O. 01% o2) 
N2 atm. 6 min 
( <0.01% 02) 
REFERENCE 
Moberly (1968b) 
Moberly (1968b) 
Meyer (1967) 
Meyer (1967) 
Meyer (1967) 
Meyer (1967) 
Meyer (1967) 
Meyer (1967) 
Meyer (1967) 
..j::>. 
0 
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REPTILES CONT'D. 
TEST ANIMAL 
LIZARDS CONT'D. 
Family Iguanidae (6 sp.) 
Family Gekkonidae (1 sp.) 
Family Teiidae (1 sp.) 
Family Scincidae (4 sp.) 
Family Anguidae (1 sp.) 
SNAKES 
Acrochordus javanicua 
Natrix f asciata 
Natrix fasciata 
Family Boidae (3 sp.) 
Family Columbridae (22 sp.) 
Family Viperidae (3 sp.) 
Family Elapidae (1 sp.) 
SIZE 
OR AGE 
408-1581 g 
150-250 g 
150-250 g 
TEMP 
22°c 
22°c 
22°c 
22°c 
22°c 
21°C 
22°c 
22°c 
22°c 
22°c 
22°c 
22°c 
CONDITIONS OXYGEN 
anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
voluntary dive 
anoxia N2 atm. 
stagnant anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
anoxia N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
57 min 
31 min 
22 min 
25 min 
29 min 
30 min 
62 min 
39 min 
59 min 
42 min 
95 min 
33 min 
REFERENCE 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Pough (1973) 
Belkin (1968) 
Belkin (1968) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
..r:=. 
0 
co 
REPTILES C0~1T ID . 
TEST ANIMAL 
CROCODILES, ALLIGATORS 
Caima crocodilus 
Caima crocodilus 
Alligator mississippiensis 
Alligator mississippiensis 
TURTLES 
Trionyx muticus 
Trionyx spinifera 
Trionyx spinifera 
Terrapene ornata 
Terrapene caroZina 
SIZE 
OR AGE 
150-250 g 
150-250 g 
2-6 years 
2-6 years 
adult 
juvenile 
adult 
adult 
TEMP CONDITIONS 
22°c anoxia 
22°c stagnant anoxia 
25°C voluntary dive 
(aerated H20) 
25°C forced dive 
(aerated H20) 
20°c submerged 
(aerated H20) 
20°C submerged 
(aerated H20) 
24°C submerged 
(aerated H20) 
20°c submerged 
(aerated H2o) 
20°c submerged 
(aerated H20) 
OXYGEN 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
32 min 
26 min 
30-60 min 
120 min 
120 min 
1020 min 
1440 min 
720 min 
360 min 
REFERENCE 
Belkin (1968) 
Belkin (1968) 
Andersen (1961) 
Andersen (1961) 
Dodge & Folk (1963) 
Dodge & Folk (1963) 
Jackson & Schmidt-
Nielson (1966) 
Dodge & Folk (1963) 
Dodge & Folk (1963) +::> 0 
ID 
REPTILES CONT'D. 
TEST ANIMAL 
TURTLES CONT'D. 
Che·Zyd:t>a serpentina 
Chelyd:t>a serpentina 
Sternothaerus minor 
Pseudemys concinna 
Pseudemys concinna 
Pseudemys scripta 
Pseudemys scripta 
Pseudemys scripta 
Pseudemys scripta elegans 
Pseudemys scripta elegans 
Pseudemys scripta 
SIZE 
OR AGE 
adult 
juvenile 
150-250 g 
1800-6500 g 
500-1000 g 
1000-3000 g 
1000-3000 g 
150-350 g 
adult 
TEMP CONDITIONS 
20°c submerged 
(aerated H20) 
20°c submerged 
(aerated H20) 
22°c anoxia 
22°c anoxia 
22°c voluntary dive 
(aerated H20) 
22°c forced dive 
(aerated H20) 
17°C forced dive 
(aerated H20) 
23°C anoxia 
24°C submerged 
(aerated H20) 
22°c 
20°C submerged 
(aerated H20) 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MED IAN) 
1620 min 
780 min 
720 min 
900 min 
mean 62 min 
(max. 300 min) 
1800 min 
5 days 
2880 min 
360 min 
90U min 
720 min 
REFERENCE 
Dodge & Folk (1963) 
Dodge & Folk (1963) 
Belkin (1962) 
Belkin (1962) 
Belkin (1962) 
Penny (1974) 
Robin et aZ.. (1964) 
Robin et al. (1964) 
Jackson & Schmidt-
Nielson (1966) 
Clarke & Miller 
(1973) 
Dodge & Folk (1963) 
+:> 
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REPTILES CONT'D. 
TEST ANIMAL 
TURTLES CONT'D. 
Pseudemys scripta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
Chrysemys picta 
SIZE 
OR AGE 
juvenile 
333 g 
306 g 
258 g 
330 g 
260 g 
291 g 
adult 
juvenile 
150-250 g 
150-250 g 
TEMP 
20°c 
l.S°C 
3.S°C 
s0 c 
9.S°C 
ll .0°C 
1S.o0 c 
26,0°C 
20°C 
20°c 
22°c 
22°c 
CONDITIONS OXYGEN 
submerged 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged asphyxia 
(aerated H20) 
submerged 
submerged 
anoxia N2 atm. 
stagnant anoxia 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
96 min 
118 days 
63 days 
51 days 
20 days 
12 days 
7 days 
2 days 
3360 min 
780 min 
1104 min 
72 min 
REFERENCE 
Dodge & Folk (1963) 
Musacchia (1959) 
Musacchia (1959) 
Musacchia (1959) 
Musacchia (1959) 
Musacchia (1959) 
Musacchia (1959) 
Musacchia (1959) 
Dodge & Folk (1963) 
Dodge & Folk (1963) 
Belkin (1968) 
.j:>. 
Belkin (1968) I-' I-' 
REPTILES CONT'D. 
TEST ANIMAL 
TURTLES CONT'D. 
Family Kinosternidae (5 sp.) 
Family Chelydridae (1 sp.) 
Family Testudinidae (14 sp.) 
Family Cheloniidae (2 sp.) 
Family Trionychidae (1 sp.) 
Family Pelomedusidae (2 sp.) 
Family Chelidae (2 sp.) 
SIZE 
OR AGE TEMP 
22°c 
22°c 
22°c 
22°c 
22°c 
22°c 
22°C 
CONDITIONS 
anoxia 
anoxia 
anoxia 
anoxia 
anoxia 
anoxia 
anoxia 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
876 min 
1050 min 
945 min 
120 min 
546 min 
980 min 
465 min 
REFERENCE 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
Belkin (1963) 
~ 
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BIRDS 
TEST ANIMAL 
(English Sparrow) 
(Pigeon) 
(Duck) 
(Duck) 
(Peking Duck) 
(Chimney swift) 
Aptenodytes f orsteri 
SIZE 
OR AGE 
2 day 
3 day 
adult 
adult 
TEMP 
24°C 
24°C 
26°C 
26°C 
26°C 
CONDITIONS OXYGEN 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
anoxia N2 atm. 21 sec 
(3% of sat) 
anoxia N2 atm. 48 sec 
(3% of sat) 
reduced pressure to 320 mm Hg. 360 sec 
reduced pressure to 320 mm Hg. 360 sec 
submerged asphyxia 15 min 
reduced pressure to 320 mm Hg. 480 sec 
voluntary dive 18 min 
REFERENCE 
Hiestand et al. 
(1950) 
Hiestand et al. 
(1950) 
Britton & Kline 
(1945) 
Britton & Kline 
(1945) 
Pickwell (1968) 
Britton & Kline 
(1945) 
Kooyman et al. 
(1973) 
~ 
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MAMMALS 
TEST ANIMAL 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
(Rat) 
SIZE 
OR AGE 
adult 
15 day 
11 day 
9 day 
7 day 
5 day 
4 day 
3 day 
2 day 
1 day 
21 day 
TEMP CONDITIONS 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia· 
24°C anoxia 
24°C anoxia 
20°c anoxia 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MED IAN) 
1.5 min 
5 min 
5 min 
10 min 
22 min 
25 min 
30 min 
40 min 
45 min 
50 min 
61 sec 
REFERENCE 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Fazekas et al. 
(1934) 
Dahl & Balfour 
(1964) +:>-
....... 
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MAMMALS CONT'D. 
TEST ANIMAL 
(Rat) 
(Rat) 
(Rat) 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
SIZE 
OR AGE 
300 g 
300 g 
adult 
1 day 
1 day 
1 day 
1 day 
21 days 
21 days 
21 days 
21 days 
TEMP CONDITIONS 
23°C asphyxiated 
37°C asphyxiated 
24°C 
15°C anoxia 
20°C anoxia 
35°C anoxia 
40°C anoxia 
15°C anoxia 
20°c anoxia 
25°C anoxia 
30°C anoxia 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
60 min 
32 min 
1 min 
110 sec 
80 sec 
20 sec 
12 sec 
40 sec 
30 sec 
15 sec 
11 sec 
REFERENCE 
de Souza & 
Dabbing (1972) 
de Souza & 
Dabbing (1972) 
Hiestand et aZ. 
(1950) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) .;:.. I-' 
01 
MAMMALS CONT'D. 
TEST ANIMAL 
(Rat) female 
(Rat) female 
(Rat) female 
(Rat) female 
(Dog) 
(Dog) 
(Dog) 
(Mouse) 
(Guinea pig) 
(Guinea pig) 
(Cat) 
SIZE 
OR AGE 
21 days 
1 year 
1 year 
1 year 
20-25 kg 
adult 
new-born 
adult 
adult 
new-born 
2-5 kg 
TEMP CONDITIONS 
35°C anoxia 
27°C anoxia 
33°C anoxia 
38°C anoxia 
asphyxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
24°C anoxia 
anoxia 
OXYGEN 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
N2 atm. 10 sec 
N2 atm. 20 sec 
N2 atm. 15 sec 
N2 atm. 15 sec 
4-5 min 
N2 atm. <3 min 
N2 atm. 23 min 
N2 atm. 28 sec 
(3% of o2 in air) 
N2 atm. <3 min 
N2 atm. 7 min 
N2 atm. 35 sec 
(3% of o2 in air) 
REFERENCE 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Samson Jr., Balfour 
& Dahl (1958) 
Kerem & Elsner 
(1973) 
Fazekas et aZ. 
(1934) 
Fazekas et aZ. 
(1934) 
Hiestand et aZ. 
(1950) 
Fazekas et aZ. 
(1934) 
Fazekas et aZ. 
(1934) 
Smith et aZ. ~ 
(1934) ...... O'\ 
MAMMALS CONT'D. 
TEST ANIMAL 
(Cat) 
(Cat) 
(Rabbit) 
(Rabbit) 
DIV ING MAMMALS 
(Mantee) 
Hippopotcunus amphibius 
Castor canadensis 
(man - trained diver) 
(man - trained diver) 
ZaZophus caZifornianus 
SIZE 
OR AGE 
adult 
new-born 
adult 
new-born 
adult 
2 m long 
TEMP 
24°C 
24°C 
24°C 
24°C 
37°C 
37°C 
CONDITIONS 
anoxia 
anoxia 
anoxia 
anoxia 
voluntary dive 
voluntary dive 
voluntary dive 
voluntary dive 
(resting) 
voluntary dive 
(exercising) 
voluntary dive 
OXYGEN 
SURVIVAL TIME 
(MEAN OR MED IAN) 
N2 atm. <3 min 
(3% of o2 in air) 
N2 atm. 25 min 
(3% of o2 in air) 
N2 atm. <3 min 
(3% of o2 in air) 
N2 atm. 17 min 
12 min 
50 sec 
15 min 
171 sec 
106 sec 
8 min 
REFERENCE 
Fazekas et aZ. 
(1934) 
Fazekas et aZ. 
(1934) 
Fazekas et aZ. 
(1934) 
Fazekas et aZ. 
(1934) 
Parker (1932) 
Parker (1932) 
Andersen (1966) 
Olsen et aZ. 
(1962) 
Olsen et aZ. 
(1962) 
Simon et aZ. 
+:> (1974) ........ 
-...! 
MAMMALS CONT'D. 
TEST ANIMAL 
SIZE 
OR AGE 
DIVING MAMMALS CONT'D. 
HaZichoerus grypus 
HaZichoerus grypus 
HaZichoerus grypus 
Cystophora cristata 
BaZaenoptera pZupoZis 
Hyperoodon rostratus 
Physeter catadon 
BaZaenoptera muscuZus 
Leptonychotes weddeZZi large adult 
Leptonychotes weddeZZi 500 kg adult 
Leptonychotes weddeZZi 500 kg adult 
Leptonychotes weddeZZi 67 kg juvenile 
Leptonychotes weddeZZi 67 kg juvenile 
TEMP CONDITIONS 
voluntary dive 
anoxia 
voluntary dive 
voluntary dive 
voluntary dive 
voluntary dive 
voluntary dive 
volu,ntary dive 
voluntary dive 
asphyxia 
anoxia 
asphyxia 
anoxia 
OXYGEN 
N2 atm. 
N2 atm. 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MED IAN) 
15 min 
2 min 
18 min 
18 min 
30 min 
120 min 
75 min 
50 min 
43 min 
50 min 
43 min 
14 min 
5 min 
REFERENCE 
Scholander (1940) 
Scholander (1940) 
Andersen (1966) 
Andersen (1966) 
Andersen (1966) 
Andersen (1966) 
Andersen (1966) 
Andersen (1966) 
Kooyman (1966) 
Elsner et aZ. 
(1970) 
Elsner et aZ. 
(1970) 
Elsner et aZ. 
(1970) 
Elsner et aZ. 
(1970) 
.i::o. 
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MAMMALS CONT'D. 
TEST ANIMAL 
HIBERNATORS 
Cricetus auratus 
Citellus tridecemlineatus 
Myotis subulatus 
Eptesicus fuscus 
Eptisicus fuscus 
Eptisicus fuscus 
Erinaceus europaeus 
Erinaceus europaeus 
SIZE 
OR AGE 
adult 
TEMP 
24°C 
24°C 
26°C 
19.5°C 
25°C 
30°C 
CONDITIONS 
anoxia 
anoxia 
OXYGEN 
N2 atm. 
SURVIVAL TIME 
(MEAN OR MEDIAN) 
9 min 
(3% of o2 in air) 
N2 atm. 18 min 
(3% of o2 in air) 
reduced pres·sure to 50% 30 min 
anoxia N2 atm. 120-180 min 
(3% of o2 in air) 
anoxia N2 atm. 60 min 
(3% of o2 in air) 
anoxia N2 atm. 5-6 min 
(3% of o2 in air) 
anoxia N2 atm. 120 min (Winter) 
anoxia N2 atm. 3-5 min (Summer) 
REFERENCE 
Hiestand et al. 
(1950) 
Hiestand et al. 
(1950) 
Britton & Kline 
(1945) 
Hiestand et al. 
(1945) 
Hiestand et al. 
(1945) 
Hiestand et al. 
(1945) 
Biorck, Johansson & 
Schmid (1956) 
Biorck, Johansson & 
Schmid (1956) 
.;::. 
...... 
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Appendix 2 
Circuit diagram for an 8.5 V D.C. power supply 
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Appendix 3 
Equations for calculating the oxygen consumption of fish 
The oxygen consumption of c. auratus was determined by 
placing fish into sealed vessels with a constant water flow, and 
measuring the oxygen concentration of the inflowing and outflowing 
water. 
v 
c 
z 
F F 
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Let V be the volume of the water in the chamber, which is equivalent 
to the volume of the chamber less the volume of the fish. Let Ci be 
the oxygen concentration of the inflowing water, F the rate of water 
flow, and C the oxygen concentration of the water in the chamber at 
time T. Assuming perfect mixing, the oxygen concentration of the 
outflowing water at time T is also C. Under steady-state conditions, 
that is when C remains relatively constant, the mean oxygen 
consumption of the fish (Z) is given by the equation 
Z = F ( C. - C ) 1 (1) 
The mean oxygen consumption of the fish was determined by 
collecting samples of the chamber inlet and outlet water at either 
hour or half hour intervals. The mean value of C was calculated from 
the oxygen concentrations of the outlet water samples obtained before 
and after each successive time interval. 
However when seeking to determine the oxygen consumption 
of the fish during the initial stages of recovery from anoxia,· the 
oxygen concentration within the chamber varied considerably. At 
the end of the anoxic period, aerated water was reintroduced at a 
rapid rate for 30 min. This increased the oxygen concentration 
within the chamber to about 50% of that of the inflowing water. 
The flow rate was then reduced to a lower level which was maintained 
throughout the recovery period. Samples of the inlet and outl~t 
water were collected at half-hour intervals. Using this procedure 
the oxygen concentration of the outlet water did not reach steady 
levels for some 4 - 8 hours. The change in the oxygen concentration 
within the chamber during this period was due to the combined effect 
of the influx of the aerated water and the oxygen consumption of the 
fish. The derivation of an equation for calculating the mean 
oxygen consumption of the fish during successive 30 minute intervals 
of the transition period is outlined below. 
Let C be the oxygen concentration within the chamber at 
time T, and let ~C be the change in oxygen concentration during the 
time interval T to T + ~T. 
Then 
c = 
02 entering = 
02 leaving = 
02 consumed = 
Hence 
c = 
o2 entering - o2 consumed 
v 
F Ci ~T 
F C ~T 
Z ~T 
F Ci ~T - Z ~T - F C ~T 
v 
- o2 leaving 
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In the limit as ~T-0, we have 
dC 
dT 
= 
F C. - Z - F C 
1 
v 
which is an equation for the instantaneous rate of 
change of the oxygen concentration within the chamber. 
Integrating to determirie the oxygen concentration at any 
time T gives 
C = A e 
-F T 
v + 
F C. - Z 
1 
F 
where A is the constant of integration. Let C0 be 
the oxygen concentration within the chamber at time T = 0. 
Then 
F C. - Z 
1 
F 
substituting for A in equation (3) gives 
-F T 
v + 
F C. - Z 
1 
F 
( 1 - e 
-F T 
v ) 
rearranging equation (4), to express it in respect to Z, the oxygen 
consumption of the fish, gives 
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(2) 
(3) 
(4) 
Z = F C. 1 - F ( C - C0 e 
-F T 
v 1 - e 
-F T 
v ) 
Equation (5) was used to determine the mean oxygen 
consumption of the fish during successive 30 minute time intervals. 
The flow rate (F) and oxygen concentration of the inflowing 
water (Ci) remained constant. The oxygen concentration of the 
water sample collected at the end of one time interval (C) 
became the initial oxygen concentration (C0 ) for the next time 
interval, and so on. Equation (1) was used, when the oxygen 
concentrations were again approximately in steady-state. 
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